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Atualmente, a qualidade da água tem uma enorme importância, devido ao forte 
impacte das práticas industriais e agrícolas nos ambientes aquáticos e 
consequentemente na biologia dos seres vivos. Isto é particularmente crítico para os 
microorganismos unicelulares, que estão completa e diretamente expostos aos 
poluentes. Até um certo nível, os microrganismos conseguem tolerar a exposição aos 
poluentes, mantendo a viabilidade celular. Devido à sua fácil manipulação e elevada 
sensibilidade, as bactérias têm sido amplamente usadas como biosensores para a 
avaliação da qualidade de águas. Planctomycetes é um filo de bactérias peculiares e 
ubíquas, normalmente encontradas em diversos habitats aquáticos e em associação a 
algas, esponjas e outros organismos. Testes de toxicidade envolvendo planctomycetes 
foram apenas recentemente reportados. O potencial zeta é o potencial elétrico 
específico de uma partícula (viva ou não) quando está em solução aquosa. Embora 
um vasto número de estudos tenha sido realizado com bactérias e medições de 
potencial zeta, nenhum relacionou diretamente este parâmetro com a viabilidade 
celular. Esta relação poderá ser relevante para ensaios de toxicidade, devido à 
alteração das cargas na dupla camada externa das células (onde se mede o potencial 
zeta) quando as bactérias são expostas a uma concentração tóxica de um poluente.  
Neste sentido, o principal objetivo deste estudo é a realização de um screening 
da viabilidade celular de diferentes bactérias (focando em particular o peculiar grupo 
dos planctomycetes) e complementar a análise com medições de potencial zeta. Para 
a realização deste objetivo seis planctomycetes, Rhodopirellula baltica e cinco estirpes 
isoladas de macroalgas marinhas (UC9, UC17, MsF5, LF2, Sm4), foram estudados 
após exposição a poluentes. Adicionalmente, duas bactérias normalmente usadas em 
bioensaios de toxicidade, Pseudomonas putida e Escherichia coli, e uma bactéria 
patogénica para peixes de água salgada, Vibrio anguillarum, foram estudadas para 
comparação. O crescimento das diferentes estirpes foi caracterizado. A indução da 
morte celular por micro-ondas e fervura foi também realizada de modo a definir a 
melhor forma de matar as células para posteriores estudos de potencial zeta. O efeito 
dos poluentes (metais pesados, nitritos, nitratos, amónia, fosfatos, detergentes, 
fungicidas, fenol, hidrazina, azida sódica e substâncias ativas de fármacos) em 
diferentes bactérias foi avaliado através da análise da viabilidade celular e medições 
de potencial zeta. Para a análise da viabilidade celular, cada cultura líquida bacteriana 
em fase exponencial foi exposta a várias concentrações dos diversos poluentes. Após 
exposição, as bactérias foram cultivadas, usando o método da gota em placa.  
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Na generalidade, as estirpes exibiram uma grande variação na sensibilidade 
aos poluentes, pela ordem: V. anguillarum > planctomycetes > P. putida > E. coli. E. 
coli foi resistente a todos os poluentes, com a exceção do fenol e da azida sódica. De 
todos os poluentes testados, o cobre, o Ridomil®, a hidrazina e o fenol foram os mais 
tóxicos. Os resultados obtidos demonstraram que os planctomycetes tiveram uma 
elevada sensibilidade e um comportamento de dose-resposta a alguns poluentes, 
nomeadamente aos metais pesados. Os planctomycetes resistiram a concentrações 
extremamente elevadas de nitratos, nitritos e amónia. Foram também as únicas 
bactérias sensíveis ao Previcur N®. A azida sódica reduziu a viabilidade celular em E. 
coli, P. putida e V. anguillarum, mas não nos planctomycetes. Contudo, este composto 
afetou a respiração celular dos planctomycetes, embora com menor influência do que 
nas outras bactérias estudadas. A análise in silico de alguns alvos proteicos da ação 
dos poluentes corroborou a discussão dos resultados obtidos. Observou-se tanto o 
aumento como a diminuição dos valores do potencial zeta em células estacionárias e 
mortas, comparando com as células em fase exponencial. Após exposição ao crómio, 
E. coli pareceu comportar-se como uma partícula inerte, não mostrando uma relação 
entre potencial zeta e viabilidade celular. Em oposição, essa relação foi observada na 
estirpe LF2, quando exposta a metais pesados, mas não em relação à exposição com 
outros poluentes. A concentração celular, ao contrário do fotoperíodo, influenciou o 
potencial zeta. Estudos de microscopia eletrónica de transmissão mostraram 
modificações morfológicas na estirpe UC17 após exposição ao arsénio, tais como: 
descondensação do DNA e o aumento do número de zonas eletro-transparentes.  
Concluindo, os nossos resultados revelaram uma resposta bacteriana 
diversificada em relação aos poluentes a que as bactérias foram expostas, o que 
deverá afetar a estrutura das comunidades microbianas em ecossistemas sob 
pressão, e fornecer novas informações sobre a ecofisiologia dos planctomycetes. Para 
além disso, os nossos resultados sugerem que os planctomycetes poderão ser 
considerados potenciais candidatos para bioensaios de toxicidade. Particularmente a 
estirpe LF2, que parece ser um bom biosensor, com base no potencial zeta, para a 
análise de águas contaminadas com metais pesados. Este trabalho proporciona 
orientações para futuros estudos em biotecnologia e microbiologia celular, também 
como novos horizontes para o estudo de um dos grupos bacterianos menos 
caracterizados, Planctomycetes. 
 
Palavras-chave: bioensaios, planctomycetes, poluição, potencial zeta, toxicidade, 
viabilidade celular. 
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Nowadays, water quality is of major relevance due to industrial and agricultural 
activities, which have a strong impact in aquatic environments and consequently on the 
biology of the organisms. This issue is particularly critical for unicellular 
microorganisms which are completely and directly exposed to pollutants. Up to a 
certain level, microorganisms can tolerate pollutants, maintaining cell viability. Due to 
their easy manipulation and high sensitivity, bacteria have been widely used as 
biosensors in order to assess water quality. Planctomycetes is a particular ubiquitous 
bacterial phylum, commonly found in a wide range of aquatic habitats and in 
association with algae, sponges and other organisms. Toxicity tests involving 
planctomycetes were only recently reported. Zeta potential is the specific electrical 
potential of a particle (living or not), when it is in an aqueous solution. Although a wide 
range of studies have been performed with bacteria and zeta potential measurements, 
none of them related directly this parameter with cell viability. This relation might be 
relevant for toxicity assays, due to the alteration of charges in the cells’ external Double 
Layer (where the zeta potential is measured) when bacteria are exposed to a toxic 
pollutant concentration.  
In this sense, the main goal of this study was to do a general screening of the 
cell viability of different bacteria (with focus in the peculiar planctomycetes group) after 
exposure to pollutants and complement this analysis with zeta potential measurements. 
To achieve this goal, the growth of six different planctomycetes, Rhodopirellula baltica 
and five strains isolated from marine macroalgae (UC9, UC17, MsF5, LF2, Sm4), was 
assessed after pollutants exposure. In addition, two common bacteria used in toxicity 
bioassays, Pseudomonas putida and Escherichia coli, and one pathogen of marine 
fishes, Vibrio anguillarum, were studied for comparative purposes. The growth of the 
different strains was characterized. Induction of cell death by microwaves or heat bath 
was also performed in order to define the best way to kill the cells for further studies of 
zeta potential. The effect of pollutants (heavy metals, nitrites, nitrates, ammonium, 
phosphates, detergents, fungicides, phenol, hydrazine, sodium azide, and active 
pharmaceutical ingredients) in the different bacteria was assessed by a cell viability 
screening and zeta potential measurements. For cell viability assessment, each liquid 
culture of microorganism in exponential phase was exposed to several pollutant 
concentrations. After exposure, bacteria were cultivated using the drop plate method.  
In general, the strains exhibited a great range of sensitivity to pollutants in the 
following order: V. anguillarum > planctomycetes > P. putida > E. coli. E. coli showed 
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resistance to all pollutants tested, with the exception of phenol and sodium azide. Of all 
the pollutants tested, copper, Ridomil®, hydrazine and phenol were the most toxic. 
Results obtained revealed that planctomycetes had a high sensitivity and dose-
response behavior to some pollutants, namely heavy metals. Planctomycetes resisted 
to extremely high concentrations of nitrate, nitrite and ammonium but they were the 
only bacteria sensitive to Previcur N®. Sodium azide reduced cell viability in E. coli, P. 
putida and V. anguillarum, but not in planctomycetes. However, this compound affected 
planctomycetes cell respiration, although with slighter effect than in other bacteria. In 
silico analysis of some protein targets of the pollutants action supported the discussion 
of the obtained results. Both increasing and decreasing of zeta potential values were 
observed in stationary and dead cells, in comparison to exponential cells. After 
chromium exposure, E. coli seemed to behave as an inert particle, not showing a 
relation between cell viability and zeta potential. A relation between these two 
parameters was evident in strain LF2 when exposed to heavy metals, but not to other 
pollutants. Cell concentration, but not photoperiod, influenced zeta potential. 
Transmission electron microscopy studies showed morphological alterations in the 
strain UC17 after exposure to arsenic, such as DNA decondensation and increasing of 
electron transparent areas.  
In conclusion, our results evidenced a diverse response of bacteria towards 
pollutants, which may influence the structuring of microbial communities in ecosystems 
under stress, as well as, provided new information about the ecophysiology of 
planctomycetes. Furthermore, our results suggested that planctomycetes could be 
considered potential candidates for toxicity bioassays. In particular strain LF2, which 
seems a good biosensor to assess water contaminated with heavy metals, based on 
zeta potential. This work provide guidelines for future biotechnological, cell and 
molecular microbiology studies, as well as, new horizons in the study of one of the 
most still uncharacterized bacterial group, Planctomycetes. 
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1.1. The impact of water pollution 
As a fundamental resource for Earth sustainability, water has an essential role 
in the equilibrium of the ecosystems. Men’s existence is closely related to the use of 
water and according to WHO (World’s Health Organization), water quality is an 
important issue for human life, dignity and development. Whereas in the past this issue 
did not receive the deserved attention, nowadays, water pollution has reached a 
primary relevance both in developed and in some developing countries (WHO 2003, 
2012), mainly because of the increasing scarcity of potable water resources. Although 
contaminants can enter in ground and surface waters from both natural and 
anthropogenic sources, the main contribution for water contamination comes from 
anthropogenic activities, mostly due to the intensive exploitation of the water resources 
and the enhancing of the water spoiling. Leading the causes of water exploitation and 
pollution are industry and agriculture (Annex1). The sudden and quick development of 
these two activities has been contributing to severe water exposure to diverse 
toxicants.  
There are two major origins of water pollution: point and non-point sources 
(Letson 1992). Point sources are confined and easily identifiable sources where 
pollutants are or may be discharged, such as: pipes, conduits, containers, vessels or 
discrete fissures. The starting places for these discharges are commonly sewage 
treatment plants, industrial (e.g. oil and gas extraction, mining, manufacturing) and 
government facilities (e.g. military bases), animal feedlots or ships. In contrast, non-
point source pollution comes from many and diffuse sources, resulting in runoffs which 
carry the natural and human-made pollutants, i.e., although the contaminants have a 
point source initially, the long-range transport ability of the contaminant and its potential 
multiple origins make the original source difficult to define exactly. Non-point pollution 
comprises frequently: i) runoffs from agriculture rich in fertilizers and pesticides, or 
effluents from urban places, which carry oils, grease and toxic chemicals; ii) sediments 
from eroding streambanks or improperly managed construction sites, crop and forest 
lands; iii) salts from irrigation practices and acid drainage from abandoned mines; iv) 
wastes from livestock, pets and faulty septic systems containing bacteria and nutrients; 
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v) atmospheric deposition and hydromodification. Actually, in the majority of countries, 
the pollution from non-point sources is considered the most important cause of water 
pollution. According to EPA (United States Environmental Protection Agency) reports 
the effect of “nonpoint source pollutants” on waters varies frequently and may not 
always be fully assessed (EPA 2007).  
 
1.1.2. The Pollutants 
A diversity of pollutants from chemical, physical, radioactive or pathogenic 
microbial nature can be added to water bodies. These pollutants can be a threat for 
living-organisms, directly, such as POPs (persistent organic pollutants) used as 
pesticides (e.g. DDT and toxaphene); or indirectly, causing changes in water conditions 
that allows harmful reactions or activities for the ecosystem, such as eutrophication 
(Hogan 2010). 
Even after water treatment, some pollutants remain in waters (Westerhoff 
2005). In addition, some treatments such as the chlorination process, one of the most 
used water preservative methods to inhibit bacterial contamination, can originate 
genotoxic compounds in the water (Park et al. 2000).  
Many lists of “priority pollutants” have been made in order to ensure water 
quality, varying according to the country and the agency responsible for monitoring 
water quality (ATSDR 2011; Directive 2008/105/EC; EPA 2007; NPi 2007). The main 
source of these pollutants found in natural waters is quite distinct and comprises 
frequently more than one kind of pollutants. For instance, heavy metals are frequently 
found in industrial wastes. On the other hand, phosphates, nitrates, nitrites, ammonia 
and pesticides are mainly associated to fertilizers and other products commonly used 
in agricultural activities. Other kind of common pollutants are compounds with 
antimicrobial, antifungal and/or antiviral activity which are used as antiseptics and 
disinfectants, such as phenol and detergent by-products. Furthermore, pollutants such 
as hormones and active pharmaceutical ingredients (APIs) are emerging on the 
environment, due to the exponential consumption of cosmetics, pharmaceuticals and 
other health care products. Despite their chemical diversity, their ecological impact 
remains largely unknown and only recently they have been considered as deserving 
priority attention (Sanderson et al. 2004).  
Water contaminants have a variety of mechanisms of action in cells, which may 
include: i) inhibition of enzymes; ii) binding to ion channels and regulatory proteins; iii) 
changes in gene expression; iv) generation of reactive oxygen species; v) limitation of 
cell growth; vi) destruction of cell envelope (namely, cell wall and cell membrane). 
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Some of the compounds (e.g. APIs) have also an unpredictable biological activity, in 
certain conditions (Daughton and Ternes 1999). Additionally, many of the 
aforementioned pollutants are also carcinogenic or potentially carcinogenic (e.g. 
hydrazine, heavy metals) (WHO 1987).  
 
1.2. The assessment of pollution in waters 
Various studies have assessed the water quality of water bodies exposed to 
point and non-point sources. However, the absence of a universal and cost-effective 
method, able to cover a wide range of toxicants, makes the correct analysis of the 
majority of water supplies difficult or even impossible. The importance of this issue is 
even greater when the countries need to comply with National or European water 
quality regulations, such as the Water Framework Directive (Hering et al. 2010). 
Currently, major efforts have been made to develop new methods that are easy to use, 
sustainable and economically feasible. 
Two main approaches are used to evaluate and monitor water quality: physic-
chemical analyses and biological approaches (bioassays). The former consists in 
determining the presence and concentration of hazardous substances in water, using 
analytical methods. Apart from the accuracy and sensitivity of these methods, they are 
typically time-consuming and their high selectivity only provides the detection of 
targeted compounds (single or a small group of pollutants). Furthermore, many 
different pollutants may co-exist in water and sometimes the toxicity lies in the mixture 
of pollutants rather than in each compound alone. On the other hand, bioassays can 
surpass these disadvantages and complement physic-chemical studies, providing 
crucial information. Indeed, there are more and more studies using both approaches 
and giving to the biomonitoring a vital relevance for water quality assessment (see for 
review: Besse et al. 2012; Rodriguez-Mozaz et al. 2007).   
 
1.2.1. Bioassays 
Since the discovery of the first biological method, bioassays have been 
increasingly employed in ecotoxicology. The main purpose of these methods is to 
detect changes in water quality and the presence (or not) of environmental pollution by 
detection of changes in health status, physiological features or behavioural responses 
from biological material such as: antibody reactions, enzymes, cells, tissues, whole 
organisms or even populations. In addition, some of these methods can also have an 
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important role in the determination of organism communities’ abundance (Gall et al. 
2012). The increasing utility of bioassays in water environments is mainly due to: i) 
their ability to detect chemical material that chemical analyses cannot detect because 
of methodological limitations (van der Schalie et al. 2001);  ii) the response of aquatic 
organisms, which is more sensitive and reliable; iii) the better assessment in case of 
mixed pollution and in samples with a complex chemical nature, without a prior 
knowledge of the pollutant physic-chemical properties; and iv) the frequent low cost 
associated to the application of this kind of approaches  (Batzias and Siontorou 2006). 
In addition, these methods can give important information about the mechanisms of 
action of the pollutants and their toxic effects on living organisms (Jastrzębska and 
Buszewski 1999; Ravera 2001). 
These methods may be divided into two main groups: the biosensors / 
biomarkers and the bioindicators / biomonitors. Even though both concepts seem to be 
confused in some studies, they have several differences. The main advantage of 
bioindication is to provide continuous and real-time information about water quality, 
using bioindicators to characterize environmental situations (Namieśnik and Wardencki 
2000; Radecki and Radecka 1995). Thus, the biological indicators are chosen 
according to several features, like: a sedentary life; wide distribution; simple 
identification and sampling; high accumulating ability of pollutants (Buszewski et al. 
2002; Ravera 2001). Many biological methods have been developed using evolutionary 
higher organisms such as plants, fishes, bivalves and crustaceans, to monitor water 
quality (Annex 2). However, most of them are used mainly to study cell biomarkers 
from specific tissues.  
In contrast, biosensors or biomarkers are designations used when the 
contaminant’s detection is performed at a cellular, biochemical or molecular level. In 
this context, the main biological material used can be nucleic acids, enzymes, 
antibodies, hormone receptors or microorganisms (Table 1). Especially in aquatic 
ecosystems, the employment of biosensors can simplify, at a reduced cost, the 
biological monitoring (Dutka and Bitton 1989; Eltzov and Marks 2011). The use of 
biosensing implies the pollutant recognition by a biological element, which is in intimate 
contact with a physical transducer (Figure 1). The transducer converts the biological 
recognition event into a measurable signal. In fact, its high sensitivity enables a 
toxicant determination at a trace and ultratrace level (Jastrzębska and Buszewski 
1999). Different types of signal transduction might be the basis of biosensor 









Table 1. The main biosensors used in environmental monitoring. Table based on Allan et al. 2006 and Lei 









Biosensor base Principle Advantages Disadvantages 
Enzymes 
- Enzymatic reactions 
are accompanied by 
the production or 
consumption of CO2, 
NH3,H2O2, H
+
 or O2.  
- The substrates 
activate or inhibit 
enzyme or other 
protein activity. 
- Ability, in some cases, 
to modify catalytic 
properties or substrate 
specificity by genetic 
engineering. 
- Various transducers 
easily detect and 
correlate this species to 
the substrates. 
- The main limitation 




of similar classes. 
Immunosensors 







- More versatile than 
enzyme. 
- More selective and 
specific. Affinity is 
significantly higher than 
for other biomolecules. 
- Can be created in order 
to bind to a wide range of 
compounds. 







- False positives. 
DNA 
- A single-stranded 
oligonucleotide probe 
is immobilized as a 
recognition material. 
- Interactions of an 
immobilized double-






sequences are both 






- Recognition elements 
by measuring the 
general metabolic / 
physiological status of 
the cells. 
- Many enzymes and co-
factors that co-exist in 
the cells give them the 
ability to consume and 
hence detect a large 
number of chemicals.* 
- Can be easily 
manipulated and adapted 
to consume and degrade 
new substrates. 






























Fig.1 – General structure of a biosensor and schematic representation of the signal production by biosensors.  
 
 
1.2.1.1. Microbial bioassays 
Bacteria and other unicellular organisms are in direct contact with the 
environment, which is in constant physic-chemical alteration. Therefore, during 
biological evolution these organisms developed complex mechanisms of defense and 
adaptation in order to survive. Due to their easy manipulation and high biotechnological 
application, microbial biosensors have been widely used for water quality assessment 
(Eltzov and Marks 2011). There are many examples of whole-cell biosensors: cell lines 
of mammals and plants, microalgae, filamentous microfungi, yeasts and several 
species of bacteria. Some of the most common tests to assess water quality are: the 
ones based on Chlorella vulgaris (an unicellular green alga, widespread in fresh 
waters) (Cronin et al. 2004); the Spirotox test (Nałęcz-jawecki 2005), based on 
Spirotostomum ambiguum (a protozoan ciliate present in clean rivers and lakes); the 
yeast environmental toxicity indicator – YETI (using Saccharomyces cerevisiae) (Knight 
et al. 2004) and the Microtox®, which consists in measuring the natural luminescence 
of Aliivibrio fischeri (Komlos et al. 2010). 
Moreover, a wide range of studies based on bacteria have been performed 
according to different techniques. Among the most common bacterial biosensors, there 







•  suspension (for whole-cell) 
•  entrapment (for whole-cell) 
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2013), sulphur-oxidizing bacteria (Oh et al. 2011) and bacterial communities from 
activated sludge (Jordan et al. 2010). Although the advantages brought by these and 
others bacterial biosensors, very few techniques have been commercialized.  
 
1.3. The relevance to study Planctomycetes  
More and more, there is a pressing need to extend the microbiology horizons 
beyond the classical models (such as E. coli or Saccharomyces spp.), in order to 
provide better information about cell biology (Fuerst 2011).  Planctomycetes are crucial 
pieces for this understanding, due to their peculiar morphology and physiology, 
associated to their evolutionary importance. 
 
1.3.1. Morphology and Physiology 
Two of the most notorious features of planctomycetes morphology are their 
permanently condensed DNA and their particular cell wall. The absence of 
peptidoglycan in the proteinaceous cell walls of the planctomycetes facilitates the 
obtainment of pure cultures by the use of antibacterial agents in media (e.g. 
vancomycin and beta-lactams) (Cayrou et al. 2010). Another distinctive feature is the 
internal compartmentalization defined by single bilayer membranes (the 
intracytoplasmic membrane - ICM) or double membranes with two bilayers, first 
reported by Lindsay et al. (1997). This compartmentalization allows the division of the 
planctomycetes cell plan in two major regions: paryphoplasm and pirellulosome 
(Lindsay et al. 1997, 2001) (Figure 2, a). Additionally, it also enables the formation of a 
membrane-bound nucleoid in Gematta obscuriglobus (Fuerst 1991) and other 
compartments as an organelle surrounded by a single bilayer membrane, named 
anammoxosome, found only in anaerobic ammonium oxidation (anammox) 
planctomycetes (van Niftrik et al. 2004). This distinctive group of planctomycetes 
displays an important role in nitrogen cycle and nitrogen-rich-wastewater remediation 
(Kartal et al. 2010; Kuenen 2008), it was also estimated that they are responsible for 
generating 50 % of the nitrogen in atmosphere (Jetten 2008). 
This has been the accepted cell plan in the last decade. However, a new 
concept for the planctomycetes cellular envelope is gaining support based on genetic 
and structural evidences (Lage et al. 2013; Santarella-Mellwig et al. 2013; Speth et al. 
2012). Regarding these data, the planctomycetes possess an outer membrane 
equivalent to the one of Gram negative bacteria and refutes the presence of the 
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intracytoplasmic membrane (Figure 2, b) (for Gram negative membrane structure see 









Fig.2 – The general cell plan of planctomycetes (a). CW, cell wall; CM, cytoplasmic membrane; ICM, intracytoplasmic 
membrane; D, condensed DNA; R, ribosomes; Pa, paryphoplasm; P, pirellulosome (Adapted from Thomson et al. 
2003). The new concept for the planctomycetes cell envelope (b). OM, outer membrane; P, periplasm; IM, inner 
membrane (= CM); C, cytoplasm (Adapted from Santarella-Mellwig et al. 2013). 
The majority of the proteins detected in several planctomycetes’ cell walls 
showed an aminoacid composition rich in proline and cysteine, which are involved in 
cell wall stabilization (Giovannoni et al. 1987; König et al. 1984; Liesack et al. 1986). 
For instance, in Rhodopirellula baltica it was detected by proteomic analysis a tyrosine-
threonine-valine domain protein (YTV) with many cysteine and proline residues (Hieu 
et al. 2008). Furthermore, some of the previous studies confirmed that this aminoacid 
composition conferred resistance to boiling in 10 % sodium dodecyl sulphate by 
planctomycetes. 
The budding reproduction is other typical characteristic of these 
microorganisms. Only anammox planctomycetes, which is considered a divergent 
marine order (Rachel 2009), and the classis Phycisphaerae (Fukunaga et al. 2009) 
uses binary fission.  
Also unusual in bacteria, it is the ability of some of these organisms to produce 
sterols (it was suggested they might regulate the membrane fluidity) (Pearson et al. 
2003) and the presence of encoding genes for C1 transfer enzymes. Interestingly, this 
feature does not have a correlation with the production or metabolization of the C1 
compounds, but it was proposed that could be related with adaptations to subtoxic 
conditions in the ocean (Chistoserdova et al. 2003; Woebken et al. 2007).  
Almost all plactomycetes are heterotrophic aerobes, with the exception of the 
anammox group, which is anaerobic and chemoautotrophic (Kuenen 2008). The life 
style of planctomycetes is quite diverse. Their life cycle can involve swarmer (mobile) 
and sessile cells (Grade et al. 2005). They can also live either as free-living cells or in 
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Although frequently present in low abundance, planctomycetes are found 
throughout the different aquatic and terrestrial environments such as: marine waters 
(Fuchsman et al. 2012), freshwater (Bondoso et al. 2011), rizosphere (Sheng et al. 
2012), polluted environments (Chouari et al. 2003), soil (Buckley et al. 2006) and many 
others. Their environmental ubiquity is strongly supported by analysis of 16S rRNA-
based gene clone libraries derived from environmental microbial communities (Bowen 
et al. 2012; Buckley et al. 2006; Smith et al. 2012; Torres-Cortés et al. 2012). 
In marine particles these microorganisms reach high quantities: in intertidal 
marine sediments there are 108 cells per mL (Musat et al. 2006); in ocean detritus 
drifting through the water, planctomycetes are the main components forming “marine 
snow” (Delong et al. 1993); in association with blooms of marine diatoms (Morris et al. 
2006). The remarkable ubiquity of these microorganisms is extended even to extreme 
environments: arid habitats (e.g. Atacama Desert) (Drees et al. 2006), extreme saline 
habitats (Bernhard et al. 2012), acidic habitats (Ivanova and Dedysh 2012; Urbieta et 
al. 2012), Antarctic lakes (Tang et al. 2013), thermophilic habitats at temperatures 
higher than 55 oC (Giovannoni et al. 1987), 75 oC (in oil reservoirs with water 
production) (Li et al. 2010), or 85 oC (in deep-sea hydrothermal vents) (Byrne et al. 
2009).  
In addition, it was detected a wide and different association of planctomycetes 
to other organisms, such as: other bacteria (Castenholz 1985), macroalgae (Lage and 
Bondoso 2011), sponges (White et al. 2012), coral (Webster and Bourne 2007), gut of 
termites (Kohler et al. 2008) and crustaceans (Chaiyapechara et al. 2012; Fuerst et al. 
1997). For example, the genus Rhodopirellula dominates the surface microbial 
community of Laminaria hyperborean. This organism is crucial for coastal productivity 
around the world and the bacterial symbiosis has certainly an important role in nitrogen 
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1.3.3. Evolutionary relevance 
Initially, based on oligonucleotide catalogues, Planctomycetes were classified 
as a group of Eubacteria (Woese 1987), in opposition to its previous classification as 
fungi. More recent analysis using concatened protein-coding genes and genomes 
showed that these microorganisms form a distinct phylum of bacteria (Jun et al. 2010; 
Strous et al. 2006). Indeed, phylogenetic studies, both with rRNA sequences (Brochier 
and Philippe 2002), or with whole proteomes (Jun et al. 2010), suggested that 
planctomycetes are the deepest branch among all phyla of the Bacteria domain. 
Nowadays, diverse studies have been clustering planctomycetes with other 
bacterial phyla, forming the Planctomycetes-Verrucomicrobia-Chlamydiae (PVC) 
superphylum (Figure 3). The members of PVC group display several features in 
common, as: internal compartmentalization (Fieseler et al. 2004; Lee et al. 2009); the 
presence of some genes for peptidoglycan biosynthesis pathway, but the absence of 
peptidoglycan in their cell walls; the ability to synthesize sterols; the DNA permanently 
condensed. The PVC includes soil and marine bacteria, symbionts, species from 
anoxic habitats and even human pathogens (Glockner et al. 2010; Wagner and Horn 
2006). The morphologic and physiologic approximation of some PVC members to 
eukaryotes is also evident, in particular in relation to planctomytcetes. 
Different models were made to explain the evolutionary mechanisms of 
planctomycetes: planctomycetes as precursors of eukaryotes; the retention of certain 
features of a proto-eukaryote LUCA (Forterre and Gribaldo 2010) or a convergent re-




















Fig.3 – Phylogenetic tree 
based on 23S ribosomal RNA 
gene, representing the 
relationship of the PVC 
superphylum (arrow) to other 
bacterial phyla. The arrow 
next to Aquificae indicates the 
outgroup (the domains 
Archaea and Eukarya). The 
scale bar represents 0.1 
substitutions per nucleotide 
position. (Adapted from Fuerst 
and Sagulenko 2011). 
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The lack of detailed genetic systems (mainly in non-annamox planctomycetes) 
is an important barrier in the study of planctomycetes, although there is a quite large 
collection of genomic information and the evidence of some molecular signatures 
(Gupta et al. 2012). 
Currently, only the genome of Rhodopirellula baltica was described in detail 
(Glockner et al. 2012) and only approximately 32 % of the open reading frames (ORFs) 
have a predicted function. Also in genus Rhodopirellula, a large number of isolates, 
mainly from European seas, have recently been analyzed by multi-locus sequencing 
(MLSA) (Winkelmann et al. 2010). Furthermore, significant progresses in the genetics 
of the morphogenesis, cell division and signal transduction of planctomycetes are 
ongoing (Jogler et al. 2012; Speth et al. 2012; van Niftrik et al. 2009). 
 
1.4. The Zeta Potential  
Zeta (ζ) potential is the electrical potential of a particle in an aqueous solution at 
the slipping plane, which is the interface between the electrical double layer of the 
particle and the bulk liquid. It can also be synonymous of electrokinetic potential in 
colloidal systems, according to IUPAC (International Union of Pure and Applied 
Chemistry) (IUPAC 1997). 
 
1.4.1. The Double Layer (DL) 
In the exact moment when a particle (such as a gas bubble, a liquid droplet, an 
object or a cell) is placed into a liquid, on the surface of the respective particle appears 








                        
                                                                                  
Fig.4 – Schematic representation of the double layer (DL) formation on a negatively-charged particle and the interface 
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The structure of the first layer (the surface charge) consists only in entities with 
a single charge (either negative or positive), which is opposite to the particle’s native 
charge. In contrast, the second layer (the mobile/diffuse layer) is loosely associated to 
the particle and has a specific composition for each particle, due to the distribution of 
ions and counter ions. In this layer the ions can freely move in the fluid under electric 
activity.  
Zeta potential and the surface charge can be strongly related, but they can also 
have opposite charges (Kirby 2010). However, it is the zeta potential of each particle 
that controls interactions to other particles or compounds in the solution, and not the 
surface charge of the particle (Kirby 2010). For instance, particles with high zeta 
potential (either positive or negative), when in contact, will repeal each other.  
 
 
1.4.2. Estimation of zeta potential 
In general, zeta potential is used as a physical indicator to measure the charge 
stability of a dispersed system. This parameter indicates the attraction or repulsion 
degree between the adjacent charged particles in a liquid (Lyklema 1995).  
Moreover, the charge at the slipping plane will be very sensitive to the 
concentration and the type of ions in the solution. In this way, factors like pH, ionic 
strength and concentration of specific ions of the dispersion media have a major 
influence in the measurements (Baik and Lee 2010; Wnek and Davies 1977). 
 
1.4.2.1. Methodological approaches  
Although still impossible to measure directly the zeta potential, it can be 
calculated using theoretical models, or experimentally determined through the 
electrophoretic mobility – by electrokinetic or electroacoustic phenomena.  
The electrokinetic phenomena (employed in the present work) consists in the 
application of an electric field that causes the migration of particles in solution toward 
an electrode which has an opposite charge (anode or cathode), acquiring a velocity 
that is correlated to a zeta potential value (Bazant and Squires 2004; Delgado et al. 
2007). The velocity of the particles is measured using a laser beam, according to the 
Laser Doppler Velocimetry technique (Avidor 1974; Matthews and O'Connor 1978; 
Stoltz et al. 1984) and their mobility is converted into a zeta potential value by inputting 
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the dispersant viscosity through the Smoluchowski (Sze et al. 2003) or the Huckel 
(Kirby and Hasselbrink 2004) theories.  
On the other hand, the electroacoustic phenomena measures the dynamic 
electrophoretic mobility, which is similar to electrophoretic mobility previously 
described, but at higher frequency (Dukhin and Goetz 2004).  
Nowadays, there are some instruments available to estimate the zeta potential 
with high sensitivity and avoiding possible contaminations. One of the most common is 
Zetasizer nano® from Malvern (used in this work). 
 
1.4.2.2. Applications 
Zeta potential has a wide range of applications (Marsalek 2012). Two of the 
most important are: i) to test the effect of compounds (e.g. additives) in a dispersion 
system in order to improve the formulation stability and increase the shelf life of 
products (Malhotra and Coupland 2004); ii) to assess the impact of some changes (e.g. 
hydrolysis or gas ingress) during the food packing or storage (Aresta et al. 2013; 
Freitas and Müller 1998). Among the different applications of zeta potential, its use as a 
predicting tool in bioassays for water toxicity assessment has never been referred.  
 
1.4.3. Cellular organisms and zeta potential 
As any particle, the physical stability of cellular living organisms can also be 
correlated with zeta potential values. Different studies have been made with a diversity 
of organisms or cell lineages, including: fungi (Liu et al. 2012) and yeasts (Jenkins et 
al. 2012), algae (Oukarroum et al. 2012), plant cells (Judy et al. 2012), animal cells 
(e.g. epithelial and cancer cells) (Dombu et al. 2012; Rosenholm et al. 2010) and 
bacteria (Tariq et al. 2012). 
Being related to surface charges, the analysis of zeta potential has even more 
importance in the study of unicellular organisms, such as bacteria, since they are 
directly exposed to abiotic pressures. Consequently their cell surface plays a crucial 
role in the maintenance of homeostasis and the cell shape, turgor support, growth, 
division, interaction with immunological factors or other organisms, adhesion, exchange 
of compounds and protoplast protection from chemical and physical insults. 
In addition, the majority of bacteria is in intimate contact with water, either by 
living in aquatic environments or by possessing a hydrated surface to facilitate the 
nutrient transport and waste expulsion (Beveridge and Graham 1991). Therefore, there 
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are several molecules (phosphates, for example) in the cell envelope, which allow the 
maintenance of a surface hidrophilicity. This is essential for optimal cell function and 
confers a net negative electrostatic surface charge to the bacterial cells growing at 
physiological pH, and it depends on the composition of the bacterial cell envelope 













Fig.5 – Cell wall structure of Gram positive (a) and Gram negative (b) bacteria. (Adapted from Cabeen and Jacobs-
Wagner 2005). External surface layers of Bacillus subtilis (Gram positive) (c). The barr represents 50 nm. 1, 
peptidoglycan; 2, Slime layer and 3, Capsule (Adapted from Matias and Beveridge 2005). External glicocalyx (Gl) of 
Aquisphaera giovannonii, a planctomycete (d) (Adapted from Lage et al. 2013). 
 
In Gram positive bacteria, the presence of phosphoryl and carboxylate groups 
in the teichoic acids (Figure 5, a), which are placed in the peptidoglycan cell wall, are 
mainly responsible for the surface cell electronegativity. On the other hand, in Gram 
negative bacteria, the peptidoglycan is not directly exposed to the extracellular 
environment, and the surface electronegativity is mainly due to carboxylate groups of 
the lipopolysaccharides (LPS) located in the outer membrane, as well as the presence 
of proteins (e.g. porins), which contributes to the surface net charge distribution 
(Faraudo et al. 2010) (Figure 5, b). Externally to the cell wall, other surface layers and 
compounds as exopolysaccharides (EPSs) are also responsible in influencing the cell 
surface charge (Figure 5, c-d).  
A large portion of metabolic energy is used to synthesize and maintain all these 
macromolecular components in order to provide a better anionic or cationic distribution 
in outer cell surface region, which is responsible for the interactions between the cell 
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Similarly to other small particles, the electrostatic charge of bacterial cells 
cannot be measured directly, consequently it is necessary to use an indirect approach. 
Earlier, several methods have been developed to assess the surface charge of 
bacteria, among the most usual techniques in bacteriology there are: 
microelectrophoresis (Brinton and Lauffer 1959; Moyer 1936), electrostatic interaction 
chromatography (ESIC) (Wood 1980), aqueous two-phase partitioning (Stendahl et al. 
1977), isoelectric equilibrium analysis (Sherbet et al. 1972) and electrophoretic light 
scattering (ELS) (Lytle et al. 1999). In this study we used the ELS method for zeta 
potential measurement from electrophoretic mobility, and the Smoluchowski equation 
for zeta potential calculation. Briefly, this is a very rapid and easy method for estimating 
zeta potential values based on the determination of the frequency shifts of a laser light 










Fig.6 – Illustration of the ELS method in a “dip cell” (which has two electrodes) (Adapted from Malvern 2004). 
 
The method consists in providing two types of motions in the particles’ 
suspension. The first motion is random (a Brownian motion, with the electric field off), 
which is responsible for the cell’s movement into and out a light beam. This motion 
scatters light, which is detected by a photodetector. After this, the electric field is turned 
on and the particles migrate towards a positive electrode (in case of bacteria cell). Due 
to this motion, the magnitude and direction of this particle is given by a drift velocity 
vector, which can be determined in an electric field by measuring the frequency shift of 
the frequency spectrum. Finally, in the case of most of the bacteria (and even viruses), 
their size allows the use of the Helmholtz-von Smoluchowski equation for the zeta 
potential calculation from particle’s electrophoretic mobility (Hiemenz and Rajagopalan 
1997; Malvern 2004). 
Initially, ELS was used by Ware and Flygare in 1971. Since then, this method 
has been proved useful as a tool for a variety of applications in the study of bacterial 
physiology, such as bacterial adhesion (Jones et al.1997), solubilisation of minerals 
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(Blake et al. 1994), cell permeability (Magia et al. 1995), study of surface cell proteins 
(e.g. porins) (Swanson et al. 1997), resistance to antimicrobial molecules (Bengoechea 
et al. 1998), capsulation and susceptibility to phagocytosis (Watt et al. 2003), 
relationship between cations and cell surface (Bundeleva et al. 2011), extracellular 
polymers (Tsuneda et al. 2003) and quorum sensing (Eboigbodin et al. 2006). 
Moreover, although some studies associate growth medium conditions, 
starvation, death (Soni et al. 2008) and growth phases (Hayashi et al. 2003) with zeta 
potential values, none correlated changes in zeta potential with alteration of cell 
viability. 
 
1.4.4. Citotoxicity and zeta potential  
Chemical changes interfere with the net charges of bacterial cell surfaces, 
inducing stress and ultimately loss of cell viability. Different studies have already linked 
different heavy metals exposure (Collins and Stotzky 1992; Schott and Young 1973), or 
antimicrobial molecules (Morris et al. 1995) with alteration of cell surface charge.  
However, up to a certain level, a living cell has the ability to rebalance the ions 
in and out of the cell surface in order to maintain cell viability, avoiding toxicity effects 
and consequently cell death (Brandys et al. 1999). In contrast, when a bacterial cell is 
no longer viable, unbalances occur and the bacterium becomes unable to compensate 
these net charges alterations.   
In a suspension, the alteration of cell stability and viability will affect first the 
outer layer of cell’s DL, due to the loss of capacity to keep the charges under 
equilibrium. Accordingly, zeta potential, which is measured in DL interface, might 
indicate the alteration of cell integrity in a dispersion system, due to toxic exposure, for 
example. 
A previous study (Lage et al. 2012) using planctomycetes members from the 
Pirellula-Rhodopirellula-Blastopirellula clade (one of the main targets in 
planctomycetes’ research) demonstrated differences in zeta potential values between 
the different planctomycetes strains and after exposure of Rhodopirellula strain LF2 to 










The main goal of this work was to assess the cell viability of different bacteria 
after exposure to various pollutants. A wide range of toxicants were tested in eleven 
bacterial strains, including several planctomycetes, in order to compare the bacterial 
growth responses. 
We intended to provide new insights about planctomycetes’ physiology, as well 
as to verify the utility of planctomycetes as bioindicators of polluted waters. Due to their 
ubiquity and thus, their adaptation ability to a wide range of environments, 
planctomycetes might be useful biological tools to be used in pollution assessment. 
In addition, pollution effect in selected strains was also evaluated based on zeta 
potential. This instrumental tool may provide an innovator and fast bioassay to identify 
contamination in water. For the implementation of the biosensor we aimed to establish 
a relationship between the zeta potential and the bacterial cell viability. 
Furthermore, in silico analysis of the genes related to toxicity aspects was 



















































3. Material and Methods 
 
3.1. Bacterial strains and culture conditions 
Planctomycetes strains LF2, UC9, UC17, Sm4, MsF5 were isolated from the 
biofilm community on the marine macroalgae surface (Lage and Bondoso 2011), and 
are part of the LEMUP (Laboratory of Microbial Ecophysiology of University of Porto, 
Porto, Portugal) microbial collection. Strain Rhodopirellula baltica was isolated from the 
Baltic sea (Schlesner 1994). Escherichia coli was isolated from a water sample of the 
Rio Febros - Avintes, Portugal (Cabral and Marques 2006). Pseudomonas putida NB3L 
was isolated from a marine sponge (Pimenta 2010) and Vibrio anguillarum from a sea 
bass’s kidney. It was also included in the study the strain Aliivibrio fischeri CECT 524 
(Spanish collection). 
Planctomycetes were cultivated on modified M13 medium (Lage and Bondoso 
2011). E. coli was cultivated in Luria Broth (LB) / Luria Agar (LA) (10 g/L Tryptone, 
Cultimed; 5 g/L BactoTM Yeast Extract, BD; 1 g/L D-glucose, Merckr; 5 g/L sodium 
chloride, Merck; 1.6 % agar Bacteriological American Type, Cultimed). A. fischeri, P. 
putida and V. anguillarum were cultivated in Nutrient Broth (NB) / Nutrient Agar (NA) (5 
g/L BactoTM Peptone, BD; 3 g/L Yeast extract; 1 g/L D-glucose; 1.6 % agar 
Bacteriological American Type) made with natural sea water.  
The purity of all the liquid cultures used in the following assays was assessed 
by optical microscopy (Leica DM750) at 100x (oil immersion).  
 
3.2. Evaluation of culture growth 
The assessment of culture growth was monitored spectrophotometrically 
(GenesysTM 10 Series, Thermo Spectronic), measuring the optical density at 600 nm 
(OD600nm) from liquid cultures initiated with a ratio (culture:medium) of 1:10 for 
planctomcycetes and 0.1:10 for the other microorganisms. The cell concentration was 
measured every 30 minutes for P. putida and A. fischeri, every 20 minutes for V. 
anguillarum and E. coli, and every hour for Planctomycetes (during 32 hours), until the 
stationary growth phase. The liquid cultures were incubated at 37 ºC for E. coli and 26 
ºC for the other bacteria, on the adequate medium. For P. putida the measurements 
were made on NB (with sea water) and M13 media. In the case of P. putida, E. coli, V. 
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anguillarum and A. fischeri, the final growth curve estimated was a result of the mean 
of three growth curves.  
Growth curves, doubling times, tendency lines and correlation coefficients were 
estimated using Microsoft Office Excel 2007 for Windows. The mean doubling 
(generation) time (g) for each curve was calculated according to the equation 1 and the 
growth rate with the equation 2, both in exponential growing phase: 
  
     
 
 , Equation 1  ;    
 
 
, Equation 2 
Where µ represents specific growth rate and was determined directly from the 
logarithmic plot of the growth data, according to the tendency line. The mean growth 
rate constant (k) represents the rate of growth during the exponential phase and is 
expressed as the number of generations per unit time. The correspondent doubling 
time for each bacteria was calculated as an average of the three estimated  , with the 
associated standard deviation. 
 
3.3. Cell death experiments 
Experiments to induce cell death were performed using 4 mL of liquid culture in 
exponential phase for each microorganism. Two different methods were used to induce 
death: i) microwaves and ii) water bath. In the former method, liquid cultures were 
exposed to 100, 300, 450 and 700 watts for 30, 60 or 90 seconds. The second method 
was performed by the exposure of liquid cultures to 60, 75 and 95 ºC for a period of 1 
to 30 minutes for planctomycetes and 2, 5 or 10 minutes for other bacteria. Controls 
were made without exposure.  
Cell death was confirmed by the drop plate method on the adequate medium, 
i.e. three drops of 10 µl from the liquid culture (after exposure) were placed on the 
adequate media for each strain. The plates were incubated at 37 ºC for E. coli and 26 
ºC for other microorganisms. The microbial growth was checked after 24 hours for E. 
coli, A. fischeri, V. anguillarum and P. putida or 3 days for planctomycetes, using 
magnifying glasses (Leica GZ4). Images of the cultures were recorded using the 
GenoPlex system (VWR). Different growth levels were represented in a range of 0 to 4 
(Figure 7), where 4 represents the maximum growth level (same as control) and 0 
represents the absence of growth. The level 0.5 was applied when only one or two 











Fig.7 – Bacterial cultures, each drop represents a different growth level (0.5-4). The dashed lines correspond to the 
area where the drop was placed. 
 
3.4. Toxicity assays 
3.4.1. Chemicals 
A wide range of pollutants was tested such as: zinc (as ZnCl2, Merck), 
chromium (as KCr(SO4)2·12H2O, Merck), copper (as CuCl2·H2O, Merck), arsenic (as 
KH2AsO4, Sigma), nickel (as NiCl2·6H2O,Sigma-Aldrich), cadmium (as CdCl2·2·1/2H2O, 
Sigma-Aldrich), nitritie (as NaNO2, Merck), nitrate (as NaNO3, Merck), ammonia (as 
NH4Cl, M&B), phosphates (NaH2PO4·H2O, Merck), sodium azide (NaN3, Riedel-de-
Haen), phenol (C6H6O, Sigma-Aldrich), hydrazine (as (NH2)2H2SO4, Sigma-Aldrich), 
Previcur N® (propamocarb hydrochloride, Bayer CropScience), Ridomil Gold SL® 
(metalaxil-M, Syngenta Agro) IGEPAL CA-630 (Sigma-Aldrich), a common dish 
detergent, a common hand cleanser, diclofenac (Sigma-Aldrich), acetaminophen 
(Sigma-Aldrich) and caffeine (Sigma-Aldrich). 
 
3.4.2. Cell viability assays 
Stock solutions of the pollutants were prepared in Milli-Q water for heavy metals 
(5866 µM), ammonium (1.87 M), nitrate (3.53 M), nitrite (1.45 M), Ridomil® (1 %), 
Previcur N® (10 %), phosphates (0.83 M), hydrazine (15.40 mM), sodium azide (1.54 
M), phenol (1.06 M), diclofenac (31.4 mM), acetaminophen (66.2 mM) and caffeine 
(51.5 mM). For the detergents (IGEPAL CA-630, dish detergent and hand cleanser), 
the original formulations were used as stock solutions. The exposure of the 
microorganisms to the pollutants was performed in liquid cultures in the exponential 
growing phase. One millilitre of culture was harvested by centrifugation at 13 400 rpm 
during 60 seconds (MiniSpin®, Eppendorf) and the cells resuspended in one millilitre of 
each pollutant concentration tested. The same range of concentrations for each 
4 3 2 0.5 1 
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pollutant was used for all the bacteria. The exposure times were 30 and 60 minutes. 
After pollutant exposure, the suspension was centrifuged and resuspended in 1 mL of 
Milli-Q water. Afterwards, the cells were cultivated on the adequate medium by means 
of the drop plate method (as described in section 3.3. Cell death experiments). 
 
3.5. Zeta potential measurements  
Zeta potential was measured using a Zetasizer Nano ZS® equipped with a 
universal dip cell (Malvern Instruments Ltda.). All experiments were performed at 25 ºC 
and the values obtained were the average of three measurements. In addition, 
conductivity and standard deviation of the measurements were also registered. The 
respective OD600nm for exponential or stationary growth stage were monitored for each 
bacteria. 
For determination of dead cells’ zeta potential, the cells were killed by heat bath 
at 95 ºC during 5 minutes. To evaluate the effect of cell concentration in zeta potential 
alteration, cultures of LF2, E. coli and P. putida were diluted in the adequate medium 
for each strain and the OD monitored. The assessment of the photoperiod influence 
was performed in LF2 cultures, with three different experiments: i) the culture growth in 
the light; ii) the culture growth in the darkness; iii) the first 2 days of growth in the 
darkness (until reaching the exponential phase) with posterior transition to the light. 
The incubation temperature in the three experiments was 26 ºC.    
Measurements of the cells exposed to pollutants were performed after being 
harvested one millilitre of LF2 culture (13 400 rpm during 60 s) and resuspended it in 
one millilitre of aqueous pollutant solution (in Milli-Q water). The range of pollutant 
concentrations was the same as in the one used in cell viability assays. In the case of 
mixed heavy metal exposure, the cells were exposed to a concentration of 586.6 µM of 
each metal (in a binary mixture).  
In all the zeta potential measurements aforementioned, cell viability was 
monitored using the drop plate method.  
 
3.6. Oxygen consumption measurements 
Respirometric assays with E. coli, P. putida, R. baltica and strain LF2 were 
performed at Institue for Mollecular and Cell Biology (IBMC). The oxygen consumption 
was measured with a Clark-type oxygen electrode (Oxygraph System, Hansatech). 
Temperature was controlled with a water-bath at 37 ºC for E. coli and 26 ºC for P. 
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putida, R. baltica and strain LF2. Culture samples of E. coli, P. putida, R. baltica and 
strain LF2 were harvested and resuspended in the adequate growth medium up to a 
approximate final OD600nm of 0.500 AU for E. coli, and 0.200 AU for the other bacteria. 
One millilitre of culture was placed in the oxygraphic chamber. When a constant slope 
of the oxygen plot was reached, the culture was exposed to 0.77 M sodium azide in 
order to determine the effect of this pollutant on respiratory activity. Each experiment 
was performed three times with independent cultures. 
 
3.7. Ultrastructural study 
Only strain UC17 was used for transmission electron microscopy (TEM) 
studies, conducted at Institute of Biomedical Sciences Abel Salazar (ICBAS). Bacterial 
cells were harvested from exponential growing phase liquid cultures in M13 medium. 
Two control experiments were performed: i) with the cells resuspended in Milli-Q water; 
ii) with the cells resuspended in M13 medium. For the arsenic treatment, the cells were 
resuspended in 59 µM of arsenic solution. In all the three experiments the exposure 
time was 16 hours. The cells were fixed for 2 hours in 2.5 % (w/v) glutaraldehyde in 
marine buffer at pH 7.0 (Watson et al. 1986), and post-fixed in 1 % (v/v) osmium 
tetroxide for 4 hours and in 1 % uranyl acetate for 1 hour. Cells were dehydrated 
through a graded ethanol series (50 %; 70 %; 90 %; 100 %) and transferred to 
propylene oxide. The specimens were subsequently embedded in gradient 
concentrations of propylene oxide:Epon resin (2:1; 1:1; 1:2; 100 % resin). After 
polymerization, ultrathin sections were obtained. The sections were then collected in 
copper grids and stained for 10 minutes in 1 % (v/v) uranyl acetate and 10 minutes in 
Reynolds lead citrate. Sections were examined in a JEOL 100CXII transmission 
electron microscope. 
 
3.8. In silico analysis  
The study of the genomes was performed using the database PATRIC 
(Pathosystems Resource Integration Center). The analysis was made with the 
genomes available in the database: 23 for Planctomycetes, 610 for E. coli, 17 for P. 
putida and 3 for V. anguillarum. We used the Protein Family Sorter tool to restrict the 
research to specific protein families (FIGfams): the demethylases (for planctomycetes); 
the phosphoenolpyruvate carboxykinase; the cytochromes aa3, bd and c. This tool 
allowed to examine the distribution of the proteins across different genomes. 
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4. Results and Discussion 
 
4.1. Evaluation of culture growth  
Figure 8 shows the growth curves of the planctomycetes strains, and Table 2 
provides the doubling times and the growth rate for each strain. In the conditions used, 
the strains reached the stationary phase in an approximate OD600nm range of 0.230 AU 
















Fig.8 – Growth curve of strains R. baltica (), LF2 (), Sm4 (), UC9 (), UC17 () and MsF5 () in M13 medium. 
  










* Correlation coefficient, which corresponds to the degree of correlation between the tendency 
line and the points used for the estimation of the doubling time in the exponential phase. 
Bacteria Doubling time (g) Growth rate (k) 
(generations/h) 
Correlation (R2)* 
R. baltica 12 h 12 min 0.08 0.999 
LF2 13 h 18 min 0.08 0.999 
Sm4 14 h 52 min 0.07 0.998 
UC9 15 h 21 min 0.06 0.996 
UC17 14 h 40 min 0.07 0.995 



















Regarding the other bacteria tested, their growth curves displayed in Figure 9 
showed that they have a faster growth in comparison to planctomycetes strains.  E. coli 
is the fastest dividing species, followed by V. anguillarum, A. fischeri and finally P. 
putida (Table 3). 
 
 Fig.9 – Growth curve of E. coli () in LB medium, V. anguillarum () and A. fischeri () in NB medium, P. putida in 
M13 medium () and in NB medium (). Each curve represents the mean of 3 growth estimations.  
 
Furthermore, medium NB seemed to be more adequate than the M13 for P. 
putida growth, because of the smaller doubling time observed.  
 
Table 3. Parameters analyzed from the growth curves of E. coli, V. anguillarum, A. fischeri and P. putida in the 
respective medium. 
 
* Correlation coefficient, which corresponds to the degree of correlation between the tendency line and the 
points used for the estimation of the doubling time in the exponential phase. 
 
In all the growth curves obtained, the end of the exponential phase and the 
beginning of the stationary phase was observed. This characterization allowed us to 















Bacteria Doubling time (g)  
± SD 




E. coli 58 min ± 14 min 1.03 0.991 ± 0.004 
V. anguillarum 1 h 21 min ± 4 min 0.73 0.994 ± 0.003 
A. fischeri 1 h 50 min ± 18 min 0.55 0.978 ± 0.018 
P. putida (NB) 2 h 36 min ± 07 min 0.32 0.992 ± 0.007 
P. putida (M13) 3 h 8 min ± 41 min 0.38 0.995 ± 0.003 
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4.2. Cell death experiments 
In order to find out the best way to kill the bacteria for specific zeta potential 
analyses, the cell death was assayed by means of microwaves or heat bath exposure. 
This kind of assays has never been performed with planctomycetes.  
For the exposure time assayed, all bacteria maintained the cell viability at 100 
watts, with the exception of A. fischeri that lost cell viability after 60 seconds of 
exposure (Table 4). At 300 watts cell viability of all the bacteria was highly affected and 
among planctomycetes, only three strains could maintain their cell viability (LF2, Sm4 
and UC9). Strain LF2 was the most resistant planctomycete to microwaves. 
Furthermore, among all the bacteria tested, it was the only one that survived after 60 
seconds of exposure to 300 watts. This strain was also the only planctomycete that 
was able to grow at 450 watts, similarly to E. coli and V. anguillarum. All bacteria died 
after 90 seconds of exposure to 300 or 450 watts, and in all exposure times at 700 
watts.  
 
Table 4. Growth levels of different strains after exposure to 100, 300, 450 and 700 watts, during 30, 60 or 90 seconds in 





Regarding the heat bath experiment, the most resistant bacteria were E. coli, 
which maintained the cell viability at 75 ºC after 2 minutes, V. anguillarum, able to grow 
even after 5 minutes of exposure to 75 ºC (Table 5), R. baltica and strains UC17 and 
MsF5 (Table 6). A. fischeri was the most sensitive to temperature and did not grow 
even at the lowest temperature tested (60 ºC). All the strains died at 75 ºC after 10 
minutes of exposure and at 95 ºC. 
 
 Microwaves (watts) 
 100 300 450 700 
Time (s) 30 60 90 30 60 90 30 60 90 30 60 90 
R. baltica 4 4 4 0 0 0 0 0 0 0 0 0 
LF2 4 4 4 1 1 0 0.5 0 0 0 0 0 
Sm4 4 4 4 2 0 0 0 0 0 0 0 0 
UC9 4 4 4 2 0 0 0 0 0 0 0 0 
UC17 4 4 4 0 0 0 0 0 0 0 0 0 
MsF5 4 4 4 0 0 0 0 0 0 0 0 0 
E. coli 4 4 4 1 0 0 1 1 0 0 0 0 
P. putida 4 4 4 3 0 0 0 0 0 0 0 0 
A. fischeri 4 0 0 0.5 0 0 0 0 0 0 0 0 
V. anguillarum 4 4 4 2 0 0 1 0 0 0 0 0 
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Table 5. Growth levels of E. coli, P. putida, A. fischeri and V. anguillarum after exposure to 60, 75 and 95 ºC, during 2, 5 
and 10 minutes in the respective medium. 
 
 Water Bath (ºC) 
 60 75 95 
Time (min) 2 5 10 2 5 10 2 5 10 
E. coli 4 3 3 4 0 0 0 0 0 
P. putida 3 1 0 0 0 0 0 0 0 
A. fischeri 0 0 0 0 0 0 0 0 0 
V. anguillarum 3 2 1 2 2 0 0 0 0 
 
The high tolerance demonstrated by E. coli and V. anguillarum may be 
explained by the fact that these bacteria are commonly enterobacteria. E. coli inhabits 
normally the gut of warm blooded mammals or birds (Gordon and Cowling 2003), and 
V. anguillarum is a common enteropathogen of various organs of fishes (see for review 
Frans et al. 2011).  
 
Table 6. Growth levels of the different planctomycetes strains after exposure to 60, 75 and 95 ºC, from 1 to 30 minutes 
in medium M13. 
 
 Water Bath (ºC) 
 60 75 95 
Time 
(min) 
1 2 5 10 15 20 30 1 2 5 10 15 20 30 1 2 5 10 15 20 30 
R. baltica 4 2 .5 0 0 0 0 1 .5 0 0 0 0 0 0 0 0 0 0 0 0 
LF2 4 4 .5 0 0 0 0 .5 0 0 0 0 0 0 0 0 0 0 0 0 0 
Sm4 4 3 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
UC9 4 4 2 1 .5 0 0 .5 0 0 0 0 0 0 0 0 0 0 0 0 0 
UC17 4 3 1 0 0 0 0 1 .5 0 0 0 0 0 0 0 0 0 0 0 0 
MsF5 4 3 2 .5 0 0 0 2 1 0 0 0 0 0 0 0 0 0 0 0 0 
 
Although the presence of planctomycetes living at high temperatures has been 
detected (Byrne et al. 2009; Giovannoni et al. 1987; Li et al. 2010), studies of 
temperature tolerance in mesophilic planctomycetes have never been reported. Being 
these strains naturally mesophiles, it is notorious their tolerance to some tested 
temperatures. This feature may be related to their particular morphologic features, such 
as their proteinaceous cell wall with abundant cysteine amino acids (Liesack et al. 
1986). Despite the strong disfavor of this aminoacid in thermophilic proteins, it contains 
motifs that can be fulfilled by other motifs at high temperatures, transforming the 
aminoacid to confer thermotolerance (Lau et al. 1999; Rosato et al. 2002; Schneider et 
al. 2002). 
Even though microwaves is a faster killing method, due to the great loss of 
culture volume associated to this strategy, we preferred to use the heat bath at 95 ºC 
for further zeta potential measurements with dead cultures. 
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4.3. Cell viability assays 
Being the drop plate method used for the screening of cell viability, all the 
results obtained were compared with control drops (in Milli-Q water), which 
corresponds to level 4 in the growth range used (0-4). In general, results showed 
different growth levels for different bacteria, pollutants and their concentrations, 
suggesting a diverse bacterial sensitivity (summarized in Annex 3). As A. fischeri was 
not able to grow after incubation in Milli-Q water, this species was not included in these 
assays. 
Apart from phenol and sodium azide, no other pollutant affected the growth of 
E. coli. This strain, having been isolated from a contaminated river (Cabral and 
Marques 2006), is probably very well adapted to polluted environments. Some 
analyses made by these authors led to the conclusion that this river had high levels of 
ammonia and that E. coli strains isolated had the ability to perform nitrate reduction. 
Moreover, phenomena of resistance acquisition by E. coli have been already described 
in a wide range of compounds, such as heavy metals (Geslin et al. 2001), detergents 
and biocides (Gaze et al. 2011), or mixed compounds (Nakajima et al. 1995). This 
resistance capacity is mainly due to the high plasticity of E. coli genome either in 
virulent or commensal strains (Moriel et al. 2012; Tenaillon et al. 2010; van Elsas et al. 
2010), and to the relatively low pollutant concentrations in the contaminated habitats, 
which cause sub-lethal pressures in the E. coli strains as described by some of the 
previous studies.  
In contrast, V. anguillarum was, in general, the most sensitive bacterium, which 
may be due to its lifestyle as an endoparasite of fishes. It normally inhabits inside 
fishes’ organs, where it can be protected from external stresses. 
      
Heavy Metals  
Cell viability differences between planctomycetes and the other bacteria tested 
are shown in Figure 10 (a-f). In general, the concentration 59 μM did not affect the 
growth of the bacteria tested. 
In most cases, a dose-response effect was evident in planctomycetes. Although 
mechanisms of metal resistance or toxicity were not yet described in planctomycetes, 
the rich protein nature of their cell wall and the glycoproteins in their fimbriae exhibit a 
wide range of metal ligand groups, providing a diversity of interactions. These groups 
include carbonyl groups, sufhydryl groups and polysaccharide complexing sites 
(Hughes and Poole 1989; Rajkumar et al. 2010).   
FCUP 































Fig.10 - Bacterial cell viability after 30 minutes of exposure to different heavy metal concentrations: arsenic (a), 
cadmium (b), chromium (c), copper (d), nickel (e) and zinc (f). RB, R. baltica; EC, E. coli; PP, P. putida;                       
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Regarding planctomycetes cell wall, one of the most important features is 
certainly the high availability of cysteine amino acids (Liesack et al. 1986) and the YTV 
domains (Hieu et al. 2008), which have many sulfhydryl groups. In bacteria, heavy 
metals bind to these groups inactivating proteins. 
The sensitivity order showed by planctomycetes to the different metals was:    
Ni < As < Zn < Cr < Cd < Cu, being R. baltica the most resistant strain. Nickel was the 
only metal that never caused the complete loss of cell viability. Unexpectedly, zinc 
showed a stronger toxic effect than arsenate, in particular for strain Sm4 and UC17. In 
fact, other studies suggested that the effects of zinc in microbial communities, as well 
as in other aquatic living organisms, are underestimated (Paulsson et al. 2000). 
Furthermore, the relatively low toxicity of arsenic, in the form of arsenate (As5+) can be 
explained by the lower toxic potential of this form when compared to other arsenic 
compounds (e.g. As3+) (ATSDR 2007). Copper, which is a widely known biocide 
(Borkow and Gabbay 2005), was the most toxic metal in this study. Furthermore, high 
toxicity of copper in other microorganisms was already reported and several associated 
mechanisms were proposed (Boivin et al. 2005; Ore et al. 2010; Santo et al. 2011; 
Warnes et al. 2012). Kungolos et al. (2009) observed that copper induced a high toxic 
effect on different tested species (including the bacteria A. fischeri) at concentration 
levels lower than 0.1 mg/L, which are lower than the ones tested in this study. 
In general, P. putida was more resistant to metals than the majority of the 
planctomycetes. The ability observed in P. putida to tolerate heavy metals (with the 
exception of copper) agrees with previous genomic studies which showed that the 
genome of these bacteria encodes several mechanisms for heavy metals tolerance, 
maintaining homeostasis. These include two systems for arsenic, one for chromate, 
four to six systems for divalent cations, two systems for monovalent cations, one 
metallothionein for metal(loid) binding and four ABC transporters for the uptake of 
essential Zn, Mn, Mo and Ni (Cánovas et al. 2003; Hu and Zhao 2006).  
In the case of E. coli, due to its high genomic plasticity (as previously 
mentioned), several mechanisms of resistance, tolerance and co-tolerance have been 
reported (Abskharon et al. 2010; Bouzat and Hoostal 2013; Cohen et al. 1991; Su et al. 
2011). 
 
Inorganic Nitrogen Compounds 
Nitrates, nitrites and ammonium did not cause the complete loss of cell viability 
in planctomycetes (Fig. 11, a-c). Similarly to E. coli, the planctomycetes strains 
maintained their cell viability when exposed to these compounds and only the strains 
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LF2 and UC17 were slightly affected by ammonium at the highest concentration (1.87 
M) after 30 minutes. On the other hand, P. putida and V. anguillarum were affected by 
the three compounds: P. putida growth was totally inhibited at 1.77 M nitrates (after 60 
min of exposure) and V. anguillarum cells were not viable at 1.87 M ammonium. 
Ammonium toxicity was reported in lower concentration (10 mmol/L), reducing the 





















Fig.11 - Bacterial cell viability after 30 or 60 minutes of exposure to different concentrations of inorganic nitrogen 
compounds: nitrate (a), nitrite (b) and ammonium (c). RB, R. baltica; EC, E. coli; PP, P. putida; VA, V. anguillarum. 
 
Tolerance to the bacteriostatic action of sodium nitrite in different bacteria was 
earlier reported (Castellani and Niven 1955). Recently, Fu et al. (2013) induced 
resistance to nitrite in E. coli and Shewanella oneidensis at concentration of 5 mM. 
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been reported. In fact, nitrate, nitrite and ammonium, when supplied separately as the 
only nitrogen source, support the growth of these strains of planctomycetes 
(unpublished data). Since these planctomycetes were isolated from coastal marine 
environments, they may be important key players in the inorganic part of the nitrogen 
cycle in these habitats. 
 
Phosphates 
Phosphate is an indispensable nutrient for the formation of nucleic acids and 
the cell membranes. In this way, the majority of the studies including microorganisms 
tested the effects of phosphate depletion and not the phosphate toxicity. The main 
ecological problem of the phosphates in high concentrations is the eutrophication, due 
to the runoffs with agricultural fertilizers and detergents (Kleinman et al. 2011). But 
even in high concentrations the microbial community is not affected or in some cases 
can increase their biomass, as occurred with microalgae (Lehman 1976) and bacteria 
(Jordaan and Bezuidenhout 2013). Other studies also suggested that the phosphate 
itself not only does not have a negative effect in the microbial growth (Appenzeller et al. 
2001), but also in microbial community structure, ecophysiological index and colony-
development index (Sarathchandra et al. 2001).  
In the case of E. coli, it was early described that when the inorganic phosphate 
is in excess, the PHO regulon (responsible for phosphorus assimilation) is inactivated 
and the necessary inorganic phosphate for the cell is taken up by low affinity with 
inorganic phosphate transporters (Wanner 1993). 
In contrast, as observed in Figure 12, phosphates had a strong effect on cell 
viability of planctomycetes (mainly in R. baltica), P. putida and V. anguillarum. Indeed, 
at the lowest phosphate concentration (0.08 M) almost all the bacteria were affected 
and V. anguillarum did not grow at all. However, at 0.42 M only R. baltica lost 
completely the cell viability and E. coli, MsF5 and Sm4 could tolerate 0.83 M of 
phosphates even after 60 minutes of exposure.  
The strong effect in cell viability may be explained by the use of sodium 
phosphate. Other studies using phosphate compounds with sodium showed a strong 
effect in bacterial growth reduction (particularly in Gram negative), which allowed their 
use to extend the food shelf-life (Dickson et al. 1994; Kim and Marshall 1999). In our 
work, it was noticed that these compounds can also affect environmental strains. 
Furthermore, the correlation between the Verrucomicrobia (the closest bacterial group 
to Planctomycetes) and phosphates has been previously discussed in several studies 
about dynamics of bacterial community structures (Jordaan and Bezuidenhout 2013; 
Lindström et al. 2005; Liu et al. 2009). Being Planctomycetes, as well as 
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Verrucomicrobia, members of the PVC group and sharing various features in common, 
these bacteria can help to understand the real influence of phosphates among the PVC 











Fig.12 - Bacterial cell viability after 30 or 60 minutes of exposure to different concentrations of phosphates.                 
RB, R. baltica; EC, E. coli; PP, P. putida; VA, V. anguillarum. 
 
Detergents 
The detergents tested had a strong effect on the cell viability of V. anguillarum 
and whenever growth of this species was observed, it was minimal (Figure 13, a-c).  
Overall, IGEPAL-C630 was the most toxic detergent, followed by the hand 
cleanser. However, complete loss of cell viability was only observed at a concentration 
of 10 % in hand cleanser for strains Sm4 and MsF5, and at 10 % in IGEPAL for MsF5 
(in all cases after 60 minutes of exposure). Being surfactants, detergents damage the 
phospholipidic bilayer of cells, particularly the inner membrane of Gram negative 
bacteria and promote their self-uptake into the cells. According to Salton (1968) they 
can penetrate in the cell, react with proteins (causing denaturation) and with lipids 
(inducing membrane disorganization), and provide the leakage of intracellular low 
molecular weight material. 
However, several resistances to surfactants have been described in Gram 
negative bacteria, acquired either by chromosomal mutations or plasmid-mediation 
(Langsrud et al. 2003), and are strongly related to the outer membrane which may 
prevent their uptake. These resistance mechanisms may be present in the studied 
bacteria since they are Gram negative. This should also be the case of planctomycetes 
that recently have been proposed to possess an outer membrane comparable to the 
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Fig.13 - Bacterial cell viability after 30 or 60 minutes of exposure to different detergents concentrations: hand cleanser 
(a), dish detergent (b) and IGEPAL CA-630 (c). RB, R. baltica; EC, E. coli; PP, P. putida; VA, V. anguillarum. 
 
Fungicides 
Among the fungicides tested, Ridomil® had a stronger effect than Previcur N® 
on cell viability of all the bacteria (Figure 14, a-b). Previcur N® only caused the 
complete loss of cell viability in R. baltica, strain LF2 and strain MsF5 (at 10 % of 
concentration). In contrast, V. anguillarum and strain Sm4 lost cell viability when 
exposed to 0.5 % Ridomil®, and the other planctomycetes at 1 %. Previous studies 
showed that metalaxyl-M (Ridomil®) was non-toxic for arthropods, vertebrate species 
(Sukul and Spiteller 2000) and earthworms (Mosleh et al. 2003). On the other hand, 
tests performed with lower trophic level organisms such as, A. fischeri, algae and 
Daphnia magna showed a considerable toxic effect of metalaxyl-M (Kungolos et al. 
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in storm water runoffs, our findings also suggest that metalaxyl-M can cause an 
environmental risk for non-target organisms.  
Whereas Ridomil® inhibits fungal growth and reproduction by imparing the 
rRNA synthesis (affecting the RNA polymerase activity and consequently the synthesis 
of nucleic acids), Previcur N® affects the permeability of fungi cells binding to sterols in 
the membranes and interfering with the biosynthesis of fatty acids and phospholipids 
within the cell. Planctomycetes contain, in their membranes, lipids like palmitic, oleic 
and palmitoleic lipids, which are typical of eukaryotes (Kerger et al. 1988). Additionally, 
Gemmata obscuriglobus, a member of the Planctomycetes phylum, produces sterols 
through an abbreviated pathway which is not common in other bacteria (Pearson et al. 
2003). These particular features of planctomycetes may explain their higher sensitivity 














Fig.14 - Bacterial cell viability after 30 or 60 minutes of exposure to different fungicides concentrations: Ridomil® (a) 
and Previcur N® (b). RB, R. baltica; EC, E. coli; PP, P. putida; VA, V. anguillarum. 
 
Active pharmaceutical ingredients 
The real impact of these ingredients in aquatic living organisms is still unclear 
and the emergence of APIs is increasing in natural waters (Sanderson et al. 2004). 
Among the APIs assayed (Figure 15, a-c), diclofenac was the only one that affected the 
growth of the planctomycetes causing the complete loss of cell viability at 31.4 mM 
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on the cell viability of P. putida and V. anguillarum. The effect of diclofenac in all these 
bacteria is in agreement with what was previously reported for other microorganisms, 















Fig.15 - Bacterial cell viability after 30 minutes of exposure to different APIs concentrations: diclofenac (a), 
acetaminophen (b) and caffeine (c). RB, R. baltica; EC, E. coli; PP, P. putida; VA, V. anguillarum. 
 
Caffeine only affected V. anguillarum at 51.5 mM concentration. These results 
disagree with previous ones that indicated the inhibitory effect of caffeine at lower 
concentrations, mainly in Pseudomonas sp., but also in E. coli (Dash et al. 2008; 
Ramanavičienė et al. 2003). However, our results support others that referred the 
ability of Pseudomonas sp. and E. coli to tolerate caffeine, mainly due to the N-
demethylase activity (Gibson et al. 2012; Summers et al. 2012). Up to now, only one 
demethylase is referred in genomic microbial databases for planctomycetes (Gemmata 
obscuriglobus) (Table 7). 
 
Table 7. Demethylases present in the genome of G. obscuriglobus. The only genome that showed the presence of 













GbcA Glycine betaine 
demethylase subunit A 
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Acetaminophen only slightly affected the cell viability of MsF5 and V. 
anguillarum.  
The impact of these APIs in ecosystems has only recently been assessed. The 
few studies available showed that they can have antibacterial activity as previously 
described and interfere with the bacteria biofilm communities (Lawrence et al. 2012). 




Phenol inhibited the growth of all bacterial strains at 0.11 M, just after 30 
minutes of exposure (Figure 16). In V. anguillarum the growth inhibition also occurred 
at 0.01 M of phenol after 60 minutes of exposure.  
Widely used as disinfectant, phenol acts in the cytoplasmic membrane of Gram 
negative bacteria, it can enter into the cells by a hydrophobic pathway and then 
promote a progressive leakage of the intracellular constituents (McDonnell and Russell 
2001). Pulvertaft and Lumb (1948) showed that, at lower concentrations (0.032 %) than 
the ones tested in the present work, phenols agents rapidly lysed growing cultures of E. 
coli, staphylococci and streptococci without involvement of autolytic enzymes. Other 
studies revealed that phenol can act at the separation point of dividing cells, being the 










Fig.16 - Bacterial cell viability after 30 or 60 minutes of exposure to phenol. RB, R. baltica; EC, E. coli;                        
PP, P. putida; VA, V. anguillarum. 
 
Hydrazine at 0.15 mM strongly reduced the cell viability of strains LF2, Sm4 and 
P. putida after 30 minutes of exposure, and also of R. baltica and strain UC9 after 60 
min (Figure 17). At this concentration V. anguillarum did not grow at all. Exposure to 
1.54 mM hydrazine for 60 minutes caused the complete loss of cell viability in all the 
bacteria tested, with the exception of E. coli. Apart from the anammox bacteria, 
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compound affects the gluconeogenesis of the cells, blocking the conversion of 
oxaloacetic to phosphoenolpyruvic acids through inhibition of phosphoenolpyruvate 
carboxykinase (PEPCK) (Prajongtat et al. 2013). In silico analysis showed the 
presence of this enzyme in different planctomycetes genera and in the other bacteria 
tested (Table 8). In addition, the high toxicity of this compound may be due to the 
potential induction of DNA damage and consequent inactivation, early well-described in 
mammalian cells (Bradley et al. 1979; Damjanov et al. 1973; Petzold and Swenberg, 









Fig.17 – Bacterial cell viability after 30 or 60 minutes of exposure to hydrazine. RB, R. baltica; EC, E. coli;                  
PP, P. putida; VA, V. anguillarum. 
 
 
Sodium azide affected E. coli, P. putida and V. anguillarum but not 
planctomycetes (Figure 18). In this way, although planctomycetes are being considered 
as Gram negative-like bacteria, cell viability results were not in agreement. The growth 
of P. putida was inhibited at 0.77 M and the growth of V. anguillarum was inhibited at 
1.54 M only after 60 minutes of exposure. Sodium azide is widely used as a respiration 
inhibitor, interfering with the electron transport chain (ETC) of many different 
organisms. It is commonly used in media for some Gram positive bacteria, because it is 
a well-known biocide against Gram negative (Audicana et al. 1995) and few Gram 
positive bacteria (Das et al. 2005). In bacterial cells, the main targets of sodium azide 
are the cytochromes of the ETC (Li and Palmer 1993; Little et al. 1996) and ATPases 
(Daniel 1976; Noumi et al. 1987). Indeed, the effect of sodium azide in E. coli cells 
decreased when mutants altered the protein SecA, which has ATPase activity (Oliver 
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Table 8. List of the 13 planctomycetes phosphoenolpyruvate carboxykinase among the 23 genomes analyzed and description of the enzyme found among the other bacteria considered in this 
study.  
 
Protein / FIGfam 
assignment 
Protein ID RefSeq Locus Tag Length (aa) 
Pathways 
involved 
Bacteria Accession number 
Phosphoenolpyruvate 
carboxykinase [ATP] (EC 
4.1.1.49) 
/ FIG00000834 






planctomycete KSU-1 BAFH01000004 
- - 525 Schlesneria paludicola DSM 18645 AHZR01000030 
YP_003630284.1 Plim_2259 529 Planctomyces limnophilus DSM 3776 NC_014148 
YP_003368857.1 Psta_0306 564 Pirellula staleyi DSM 6068 NC_013720 
YP_003370088.1 Psta_1553 532 Pirellula staleyi DSM 6068 NC_013720 
YP_003370820.1 Psta_2290 546 Pirellula staleyi DSM 6068 NC_013720 
YP_004169301.1 Isop_3735 525 Isosphaera pallida ATCC 43644 NC_014957 
- - 508 Zavarzinella formosa DSM 19928 AIAB01000143 
ZP_01093904.1 DSM3645_04445 525 Blastopirellula marina DSM 3645 NZ_CH672377 
YP_004269567.1 Plabr_1936 532 Planctomyces brasiliensis DSM 5305 NC_015174 
ZP_01857289.1 PM8797T_01749 532 Planctomyces maris DSM 8797 NZ_ABCE01000048 
EMI17586.1 RMSM_05499 529 Rhodopirellula maiorica SM1 ANOG01000778 
EHO67550.1 SinacDRAFT_2770 537 Singulisphaera acidiphila DSM 18658 AGRX01000107 
Phosphoenolpyruvate 
carboxykinase [GTP] (EC 
4.1.1.32) / FIG00001643 
 
- - 610 Gemmata obscuriglobus UQM 2246 NZ_ABGO01000113 
FIGfam assignment Protein Length (aa) Bacteria Genomes 
FIG00000834 Phosphoenolpyruvate carboxykinase [ATP] (EC 4.1.1.49) 
540 ± 47.4 E. coli 600 (out of 610) 
513 ± 152 P. putida 17 (out of 17) 
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Furthermore, the genotoxicity of sodium azide in E. coli (at 5 mg/ml) (Mamber et 
al. 1983) and in several Salmonella typhimurium strains (de Flora et al. 1984) was 
earlier described. This genotoxicity is due to the conversion of sodium azide into the 











Fig.18 - Bacterial cell viability after 30 or 60 minutes of exposure to sodium azide. RB, R. baltica; EC, E. coli;             
PP, P. putida; VA, V. anguillarum. 
 
4.4. Oxygen consumption measurements 
The unexpected resistance to sodium azide displayed by the planctomycetes 
strains led us to analyze the cell respiration in the studied bacteria. E. coli possessed 
the highest oxygen consumption (OC) (-62.77 ± 2.78 nmol/ml/min), followed by P. 
putida (-41.65 ± 1.03 nmol/ml/min). Planctomycetes presented a much lower oxygen 
consumption (-11.83 ± 3.33 and -19.13 ± 4.21 nmol/ml/min of, respectively, strain LF2 
and R. baltica). These differences in the oxygen consumption (Table 9) are in 
accordance with the differences observed in growth rate of the bacteria studied.  
 
Table 9. Differences in oxygen consumption after introducing sodium azide in liquid cultures of strain LF2, R. baltica,   
E. coli and P. putida. 
 
Bacteria 









LF2 -11.83 ± 3.33 -4.32 ± 0.05 63.48 % 
R. baltica -19.13 ± 4.21 -5.14 ± 2.63 73.13 % 
E. coli -62.77 ± 2.78 -10.92 ± 6.35 79.42 % 
P. putida -41.65 ± 1.03 -1.43 ± 0.16 96.57 % 
 
*
Normal oxygen consumption (without azide). 
#
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Fig.19 - Decrease in oxygen consumption induced by 0. 77 M sodium azide in liquid cultures of E. coli, P. putida, R. 
baltica and the strain LF2. 
 
Even though cell viability of planctomycetes was not affected by sodium azide, 
their cell respiration was affected but lesser than E. coli and P. putida. Strain LF2 was 
the least affected strain in the presence of sodium azide (about 63 % OC decrease), 
followed by R. baltica (about 73 % OC decrease). P. putida was the most affected 
bacteria showing approximately 97 % OC decrease (Figure 19). 
The bacterial cell respiration is high flexible and may involve various 
cytochromes (Richardson 2000). In silico analysis revealed that several P. putida 
strains not only have cytochrome bd (very common among the bacteria), but also 
cytochrome c oxidase-related proteins (Annex 4), which may explain the stronger effect 
of sodium azide. Cytochrome c is part of the mitochondrial ETC and is also the one of 
the main targets of sodium azide in eukaryotic cells (Bennett et al. 1996). Many aerobic 
bacteria have also cytochrome c proteins participating in nitrogen metabolism and cell 
respiration (see for reviews: Ferguson-Miller and Babcock 1996; Michel et al. 1998), 
and some studies showed the influence of sodium azide in these proteins (Harrenga 
and Michel 1999). In silico data also showed the presence of cytochrome c proteins in 
V. anguillarum strains, which may explain its high sensitivity in cell viability assays. All 
the cytochrome c proteins found in V. anguillarum are also present in several P. putida 
strains. No cytochrome c involved in cell respiration was found in E. coli strains, which 
is in agreement with its cell respiration involving the cytochromes aa3, bo and bd 
(Puustinen et al. 1991). No cytochromes bo or aa3 were found in planctomycetes. 
The respiratory mechanisms in planctomycetes are not well established yet. Up 
to now, among the 23 planctomycetes genomes analysed, 25 cytochromes were found 
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group of cytochrome c, 5 to cyctochrome bd and 2 probable proteins related to the 
cytochrome cbb3-type (Annex 5). Among the cytochromes c proteins in these 
organisms, some are present also in P. putida and V. anguillarum, but other ones seem 
to be particular of planctomycetes. 
 
4.5. Zeta potential measurements 
4.5.1. Living and Dead Cultures 
The measurements of the zeta potential in living cells showed important 
differences among the strains tested. Bacterial zeta potential is distributed in the 
following order: LF2 < UC9 ≈ MsF5 < R. baltica ≈ Sm4 < UC17 ≈ E. coli < A. fischeri < 
P. putida ≈ V. anguillarum, from the most negative zeta potential to the less negative 
(Table 10). Lage et al. (2012) also reported very negative zeta potential values of some 
planctomycetes strains and suggested a potential relation between the zeta potential 
values of these strains and the presence of a high number of fimbrae in their 
morphology. In fact, other studies used zeta potential to distinguish strains with 
different morphology, such as the presence or absence of LPS (Soon et al. 2011) or 
capsule (Bayer and Sloyer 1990).  
In this study, planctomycetes presented more negative zeta potential values 
than Gram negative bacteria, mainly during exponential phase. This is particularly the 
case of strain LF2, which can present zeta potential values between -40 and -55 mV in 
exponential phase. Furthermore, we detected in stationary growing cultures, a slight 
decrease of the negative charges (less negative zeta potentials) in LF2, UC9, MsF5, R. 
baltica, E. coli, P. putida, in contrast to a slight increase in UC17, Sm4, A. fischeri and 
V. anguillarum. Previous studies already showed that some strains of Gram negative 
bacteria varied their zeta potential values according to the growth phase (Soon et al. 
2011), but others maintained their zeta potential independently of the growth phase 
(Tashiro et al. 2010).  
 
Table 10. Determination of zeta potential in living bacterial cultures at exponential (Exp.) and stationary (Sta.) growth 
phases. Each zeta potential value represents a mean of three measurements. 




-34.1 0.28 1.09 
-33.0 1.77 1.44 
Exp. 0.196 
-48.2 2.95 0.94 
-45.5 0.92 0.59 
-47.0 0.70 0.86 
FCUP 





Similarly to what happened with the culture growth cycle, the zeta potential of 
dead cells could either decrease or increase (Table 11). However, in this case, the 
strains that increased their negative charges were UC9, Sm4 and P. putida. These 
small differences in dead cells may be due to the release of charged proteins and other 
compounds during cell’s death. In other studies it was also detected less (but never 
more) negative zeta potentials (Martinez et al. 2008; Soni et al. 2008). 
 
Table 10 (continued) 
     
UC9 
Sta. 0.390 
-31.7 0.99 0.96 
-31.3 1.06 0.83 
Exp. 0.197 
-34.9 0.07 0.79 
-34.1 0.42 0.80 
-38.4 0.14 0.91 
MsF5 
Sta. 0.295 
-35.1 0.85 0.85 
-32.0 0.35 0.90 
Exp. 0.220 
-35.9 1.13 1.79 
-36.5 0.07 1.52 
-38.3 0.56 0.90 
R. baltica 
Sta. 0.242 
-32.6 0.07 0.90 
-33.0 0.66 0.90 
Exp. 0.164 
-35.6 0.14 0.93 
-36.0 0.40 1.20 
UC17 
Sta. 0.344 
-35.1 0.14 0.79 
-37.5 0.28 0.63 
Exp. 0.224 
-29.6 0.14 0.60 
-31.1 0.14 0.64 
Sm4 
Sta. 0.317 
-34.7 0.42 0.86 
-37.1 0.42 0.75 
Exp. 0.275 
-33.7 0.21 1.12 
-35.1 0.28 1.08 
E. coli 
Sta. 1.180 -30.0 0.70 0.20 
Exp. 0.500 -37.1 0.30 0.15 
P. putida 
Sta. 1.100 -19.5 0.78 0.86 
Exp.     0.234 
 
-24.5 1.63 0.59 
-25.2 0.00 0.53 
A. fischeri 
Sta. 0.145 
-28.6 0.85 0.89 
-32.5 0.28 0.41 
Exp. 0.062 
-27.6 0.28 0.84 
-28.5 0.92 0.90 
V. anguillarum 
Sta. 1.325 -27.7 0.71 0.25 
Exp. 0.260 -24.9 1.57 1.35 
FCUP 
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Table 11. Zeta potential determination in dead cultures. The death was induced at 95 ºC during the exponential growth 
phase. Living cells were in exponential phase. 
 
Zeta Potential (mV) SD (mV) Conductivity (S/m) 
Bacteria Living Dead Living Dead Living Dead 
LF2 -46.9 -34.6 1.52 0.42 0.80 0.94 
UC9 -35.8 -36.9 0.21 0.28 0.83 1.11 
MsF5 -36.9 -34.0 0.59 0.70 1.40 1.39 
R. baltica -35.8 -32.7 0.27 0.85 1.07 1.25 
UC17 -30.4 -29.1 0.14 0.36 0.62 1.24 
Sm4 -34.4 -37.0 0.25 0.50 1.10 1.04 
E. coli -37.1 -35.7 0.30 0.40 0.15 0.11 
P. putida -24.5 -26.0 1.60 0.79 0.56 1.18 
A. fischeri -28.1 -26.6 0.86 0.76 0.87 1.21 
V. anguillarum -24.9 -22.6 1.57 0.32 1.35 0.62 
 
Furthermore, the effect of the cell concentration decrease was evident in the 
decrease of zeta potential values, both in exponential and in stationary phase (Table 
12). In several experiments using different bacteria and growth phases the culture 
dilution led to an increasing of the negative charges. These results are in opposition to 
the microelectrophoretic study made by Bayer and Sloyer (1990), which described 
minimal alterations in electrophoretic mobility of E. coli, changing cell density. The 
influence of cell concentration in the increasing of the negative charges is also a factor 
that contributes to planctomycetes lower zeta potential values, compared to other 
bacteria in the same growth phase. Therefore, as planctomycetes have fewer 
generations per time unit in exponential phase than the other bacteria, their zeta 
potential is more negative (see 3.1. Evaluation of growth curves). 
 











0.203 100 % -42.0 2.95 0.94 
 
75 % -47.0 2.86 0.96 
 
50 % -51.1 3.29 0.50 
 
50 % -51.0 0.09 0.40 
P. putida Exp. 
0.234 100 % -24.5 1.63 0.59 
 
30 % -27.4 0.28 0.28 
 
30 % -26.3 0.28 0.26 
E. coli Sta. 
1.180 100 % -30.0 0.70 0.20 
 
50 % -31.3 0.28 0.09 
50 % -31.7 0.14 0.13 
20 % -33.5 0.64 0.05 
20 % -33.9 0.28 0.07 
FCUP 




The potential influence of the photoperiod was also assayed in the strain LF2 
(Figure 20). In all the conditions tested (bacteria growing in light, in darkness, or only 
during the first 2 days in darkness) the zeta potential values fluctuated between [-45 
mV; -55 mV] during the day. Therefore, all values fall into the normal range considered 
















Fig.20 - Evaluation of the photoperiod influence in zeta potential values of LF2 cells in exponential phase: culture 
growing in light (), darkness () or the firts two days in darkness ()  
 
4.5.2. Exposure to Pollutants 
The study of zeta potential after pollutant exposure was conducted mainly with 
the strain LF2. Although this strain exhibited cell viability variation similar to other 
planctomycetes, its zeta potential values were more negative than the values of other 
strains, allowing greater variations of this parameter. The cell viability assessment was 
performed for all the zeta potential measurements and the results were consistent with 
the ones obtained previously (Annex 3). 
Measurements of zeta potential were performed aftber exposure of exponential 
cultures of LF2 to many kinds of pollutants (Table 13). No relevant zeta potential 
alterations were observed in the majority of the cases. However, in the exposure to 
azide, phosphates and detergents, an increasing of the negative charges was 
detected. This event was also observed in previous studies that related it with 
absorption and/or degradation of certain compounds, PAHs for example (Rodrigues et 
al. 2005). There might be a potential relation between cell viability and zeta potential in 
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planctomycetes to these pollutants (further studies are needed). However, with other 
pollutants no relation was observed. 
 
Table 13. Influence of several pollutants on zeta potential of strain LF2 and cell viability associated to each 
measurement. 











Control - -43.5 3.57 - 4 
Ammonium 1.87 M -40.2 1.37 45min 4 
Nitrites 1.45 M -42.1 1.74 45 min 4 
Nitrates 3.53 M -38.6 ND* 45 min 4 
Azide  1.54 M -56.0 1.94 30 min 4 
Previcur® 
1 % -40.9 1.85 30 min 4 
10 % -40.2 0.46 30 min 0 
10 % -41.8 0.85 1h 38 min 0 
Phosphates  
0.08 M -51.7 1.25 30 min 3 
0.83 M -53.9 0.25 30 min 0.5 
Hydrazine  
0.15 mM -47.0 0.20 30 min 1 
0.15 mM -44.5 0.70 30 min 1 
1.54 mM -44.0 0.15 30 min 0 
0.180 
Control - -48.6 3.23 - 4 
Phenol 
0.03 M -43.7 3.41 30 min 2 
0.03 M -44.5 3.36 30 min 2 
Ridomil® 1 % -39.9 3.17 30 min 0 
Azide 
0.15 M -63.6 7.40 15 min 4 
0.02 M -61.6 3.62 15 min 4 
0.02 M -62.6 4.15 30 min 4 
Dish Det. 1 % -75.0 12.95 15 min 3 
Hand C. 1 % -67.5 3.83 15 min 4 
* ND, not determined. 
 
Regarding exposure of strain LF2 to heavy metals, a strong increase of zeta 
potential (decrease in negative charges) was observed with the increasing of metal 
concentration (Figure 21). In contrast, NaCl did not interfere with the zeta potential.  
 



































Furthermore, according to the data obtained after cell viability assessment, a 
clear relation between the loss of negative charges and the decreasing of cell viability 
of strain LF2 was evident (Table 14). This finding confirmed previous conclusions made 
by other authors, suggesting that the surface charge is a function of the viability and 
nutrient state of cells (Soni et al. 2008).  In addition, as strain LF2 was isolated from a 
marine habitat, this may explain the maintenance of cell viability and the non-reducing 
effect on its zeta potential after exposure to NaCl. 
 
Table 14. Effect of the increasing of heavy metal concentration or NaCl in zeta potential and cell viability in strain LF2 at 










control 0 -41.9 5.03 0.67 4 
Cr 
59 -39.0 5.48 0.57 4 
293 -26.9 4.59 0.56 3 
587 -17.5 5.45 0.60 2 
1466 -14.9 6.62 1.25 1 
2933 -14.6 6.58 1.75 0.5 
4399 -14.5 7.83 2.18 0 
5866 -13.6 7.31 2.28 0 
control 0 -45.5 6.07 0.62 4 
Zn 
59 -41.1 6.93 1,03 4 
293 -41.6 5.38 0.46 3 
587 -37.8 6.03 0.76 3 
1466 -24.1 6.35 1.00 3 
2933 -22.8 7.61 1.19 2 
4399 -21.0 7.31 1.36 2 
5866 -20.0 10.30 1.85 1 
control 0 -45.5 6.07 0.62 4 
Ni 
59 -41.3 8.06 0.85 4 
293 -38.8 5.45 0.79 4 
587 -37.4 6.16 1.08 4 
1466 -32.3 7.11 1.04 3 
2933 -19.3 7.53 1.43 2 
4399 -19.6 7.69 1.83 2 
5866 -17.6 8.15 2.01 0.5 
control 0 -44.2 5.91 0.59 4 
As 
59 -42.9 7.96 1.02 4 
293 -45.9 6.70 0.79 4 
587 -45.4 5.61 0.67 4 
1466 -34.5 6.28 0.95 3 
2933 -32.2 6.72 1.06 2 
4399 -28.3 7.51 1.82 1 
5866 -30.4 7.03 1.42 0.5 
FCUP 
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Table 14 (continued) 
control 0 -44.2 5.91 0.59 4 
Cd 
59 -41.8 6.24 0.65 4 
293 -39.7 6.11 0.49 3 
587 -35.7 8.48 1.27 2 
1466 -31.5 8.38 0.94 1 
2933 -25.0 7.82 1.15 0.5 
4399 -19.6 7.99 1.15 0 
5866 -21.5 7.34 2.07 0 
control 0 -44.2 5.91 0.59 4 
Cu 
59 -42.5 5.31 0.36 3 
293 -28.1 5.79 6.29 0 
587 -26.8 8.56 1.52 0 
1466 -21.1 6.86 0.80 0 
2933 -17.8 7.20 1.23 0 
4399 -15.1 8.80 1.45 0 
5866 -15.1 8.10 1.79 0 
control 0 -45.5 6.07 0.62 4 
Na 
293 -45.0 6.30 0.83 4 
587 -45.3 7.48 0.63 4 
2933 -43.8 8.53 1.47 4 
4399 -49.2 7.01 1.21 4 
 
In comparison with other planctomycetes, LF2 showed a greater shift in zeta 
potential between the control and the highest metal concentration assayed, providing a 
strong signal of metal’s presence (-28 mV for chromium; -27 mV for nickel and -29 mV 
for copper) (Figure 22, a-c). However, this difference was not as high as the one 
observed in E. coli (Figure 22, a).  
In fact, the influence of heavy metals in the charge alteration of bacteria and 
yeasts, particularly in the decrease of the negative charges, was reported in many 
studies. Early studies in 1992 detected the alteration of the electrophoretic mobility in 
the bacteria Agrobacterium radiobacter, Pseudomonas aeruginosa, Bacillus 
megaterium and B. subtilis in the presence of copper, lead, zinc, mercury, nickel, 
chromium and cadmium (Collins and Stotzky 1992). Sadowski (2001) described the 
influence of lead, copper and cadmium in zeta potential modification in the Gram 
positive Nocardia sp. More recently, differences in zeta potential were correlated with 
the absorption of iron oxide by Saccharomyces cerevisiae and E. coli (Schwegmann et 
al. 2010). Additionally, other studies related the zeta potential of different nanometallic 
particles with their potential toxicity in bacteria (Jiang et al. 2009; Suresh et al. 2010), 
or in other organisms like Daphnia sp. (Griffitt et al. 2008). Some of these studies 
reported that the zeta potential can work as a tool to understand the toxic mechanism 
of the metals by the absorption, attachment or repulsion of the particles. In addition, our 
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results indicate that zeta potential can be used as an indicator of loss of cell viability in 
planctomycetes. Up to a certain heavy metal concentration, the planctomycetes studied 
seemed to reach a plateau-like stage, where the reducing effect in zeta potential is 
slowed down. In strain LF2 this phenomenon happened with all heavy metals tested 
(Figure 21), and at this phase the bacteria were not able to maintain cell viability. 
However, this effect was not observed in E. coli cells (Figure 22, a), which maintained 
the cell viability (growth level 4) with the increasing of the negative charges, showing 
exclusively an effect of charges. Therefore, this effect should be taken into account in 

















Fig.22 – Comparison of the effect of chromium (a) in strains LF2, UC17 and R. baltica, E. coli; nickel (b) and copper (c) 
in strains LF2, UC17 and R. baltica. 
 
In contrast, using the strain LF2 it was possible to detect heavy metals in 
solution and to distinguish between different toxicity degrees (at least within a certain 
range), according to the variation of zeta potential. However, between the tested 
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viability. In this way, it was not possible to identify the most toxic heavy metal based on 
zeta potential. This virtual application of zeta potential was also explored in other 
studies, which described its utility as indicator of the bactericidal strength of some 
antimicrobial compounds (Alves et al. 2010; Chen et al. 2010; Wu et al. 2011). 
Moreover, in some cases, the increase of zeta potential values due to the toxic 
effect of a compound can explain the alteration in the cell adhesion to surfaces in the 
presence of bactericidal or nutrient-limited conditions (Cowan et al. 1992; Jones et al. 
2003; Lewis et al. 1994).   
In order to detect some synergistic or antagonistic effects, a preliminary 
screening of zeta potential and viability alteration was performed with binary mixtures 
of heavy metals. In general, the viability assays revealed a synergistic effect of the 
metal mixtures comparing with the previous viability results obtained for each metal 
(Annex 3). As copper caused the cell death either alone or in mixtures, no antagonistic 
effect between this metal and the other ones was observed. In fact synergistic effects 
involving copper and other metals are commonly observed in bacteria. Hussein et al. 
(2004) reported the synergism of Cu and Cr in Pseudomonas sp. and Nwuche and 
Ugoji (2008) described a synergistic effect of Cu and Zn in the reduction of the soil 
microbial activity. Using 4 different bacteria and 2 yeasts, Collins and Stotzky (1992) 
detected a synergistic effect of Cu and Ni, which influenced the electrophoretic mobility 
of the strains. Other studies reported also Cu synergic effects with iron (Bird et al. 
2013) and silver (Lin et al. 1996), which had bacteriostatic activity. Additionally, it was 
possible to relate zeta potential values after heavy metal mixtures exposure to the cell 
viability results. The less toxic mixtures (As + Cd; As + Ni; As + Ni; Cd + Ni; Cd + Zn 
and Ni + Zn) were the ones that caused less negative zeta potential values in LF2.  
 
Table 15. Influence of heavy metal mixtures (586.6 µM of each metal) in zeta potential of strain LF2. 
Strain OD600nm Mixture 







0 - control -56.0 6.16 0.361 4 
Cr + As -20.0 6.49 0.835 0.5 
Cr + Cu -19.0 5.95 0.959 0 
Cr + Cd -18.1 6.41 0.734 0.5 
Cr + Ni -17.3 6.80 0.760 1 
Cr + Zn -15.6 6.20 0.709 1 
As + Cu -24.0 7.91 0.765 0 
As + Cd -36.5 6.61 0.857 2 
As + Ni -39.3 9.19 0.837 2 
As + Zn -35.1 7.32 0.849 2 
Cu + Cd -24.3 6.20 0.831 0 
Cu + Ni -24.6 7.57 0.800 0 
Cu + Zn -24.1 6.72 0.772 0 
Cd + Ni -33.0 7.41 0.758 2 
Cd + Zn -35.7 7.13 0.897 2 
Ni + Zn -33.8 8.99 0.841 2 
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However, zeta potential values after exposure to mixtures were similar to the 
values obtained after exposure to one of the metals in the mixture – the one that 
provided a less negative zeta potential when tested individually (Table 14). Therefore, 
distinction between a toxic single metal and toxic mixtures was not possible exclusively 
by zeta potential determination. Nevertheless, further research is needed to better 
understand the real effect of metal mixtures in cellular zeta potential. 
 
4.6. Ultrastructural study  
 With the microscopy studies performed using the strain UC17 we detected 
some differences between the two tested controls, with medium M13 (Figure 23, a-b) 































Fig.23 – Ultrathin sections of strain UC17 
controls, in medium M13 (a, b) and in Milli-Q 
water (c,d,e). Rosette-like formations (b,d) 
and a non-modified cell (e). F, fimbriae; H, 
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In Milli-Q water, a high number of cells with morphological modifications were 
observed, namely cell shape changes, which raises problems for further studies 
(Figure 23, c). Nevertheless, it was verified the high quantity of fimbriae in all the 
cases, which influences the high negative zeta potential value of this strain.  
After arsenic exposure (Figure 24), bacteria revealed high cell disorganization, 
an increasing in electron transparent areas (with vesicle appearance) (Figure 24, a-c) 
























Fig.24 – Ultrathin sections of strain UC17 after 59 µM arsenic treatment during 16 hours (a-c). F, fimbriae; DD, 
decondensed DNA; V, vesicle-like structures. 
 
According to the cell viability assessment in the TEM experiments, bacteria in 
Milli-Q water treatment maintained their cell viability while the arsenic-treated bacteria 
had their cell viability reduced to 0.5 / 1. Therefore, the modifications occurred in the 
control with Milli-Q water were not sufficient to reduce cell viability of UC17. On the 
other hand, the reduction of cell viability in the arsenic-treated bacteria can be related 
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The cell viability studies performed revealed important differences on cell 
viability of planctomycetes comparing to the other bacteria, which may be relevant for 
the understanding of the alteration of the microbial community structure in habitats 
under stress. Furthermore, these different sensitivity responses provided new insights 
about planctomycetes ecophysiology.  
Regarding the pollutants tested, stronger effects were observed in the presence 
of Ridomil®, phenol, hydrazine and copper. In most cases, E. coli was the most 
resistant bacteria and V. anguillarum the most sensitive. The extreme resistance of this 
E. coli strain might be a consequence of the polluted habitat from where it was isolated, 
allowing the acquisition of resistance. 
A potential role in the inorganic nitrogen cycle is envisaged for planctomycetes 
due to their resistance to extremely high concentrations of inorganic nitrogen 
compounds. 
Although sodium azide did not reduce cell viability of planctomycetes, it affected 
their cell respiration, but in a slighter way than affected other bacterial species. Further 
studies are needed to clearly understand the mechanisms of cell respiration in 
planctomycetes, and the impact of sodium azide in the process. 
The measurement of bacterial zeta potential may represent a practical, rapid 
and easy method to detect heavy metal contamination in water, particurlaly using strain 
LF2, which has a dose-response behavior and a very negative zeta potential value. 
Therefore, it was possible to establish a relation between zeta potential and cell 
viability of these bacteria when exposed to heavy metals. Cell concentration of the 
cultures and their growth state are factors that must be taken into account when zeta 
potential measurements are performed. 
Thus, a completely new bioassay could be envisaged, with a new biological 
element and a new transducing element. However, more research is needed to confirm 
the results obtained, using a large range of concentrations, other planctomycetes and 




























6. Future Perspectives 
 
In this work we verified that zeta potential is a very promising tool for the 
assessment waters contaminated with heavy metals. However, some technical 
limitations make the study of some samples unfeasible. For instance, samples with 
high conductivity hinder the zeta potential measurement of the cells. Furthermore, in 
order to compete with the majority of the biosensors already available, it is mandatory 
that this technique becomes available as a portable device, allowing the assessment in 
situ. Studies with natural waters contaminated with heavy metals, as well as studies 
comparing this method to commercialized biosensors are needed to completely 
validate our results. 
As a bacterial group with many gaps in their physiological characterization, it is 
important to continue the research on planctomycetes mechanism of cell respiration, as 
well as to assess the expression of cytochrome genes and detect the influence of 
sodium azide in vitro (using mutants for example). This compound can also be 
potentially used in planctomycetes isolation: by pre-washing the sample (e.g. algae) or 
incorporating azide into the culture media to reduce bacterial contamination as it is 
done with some specific media for Gram positive bacteria.  
Planctomycetes resistance to the inorganic nitrogen compounds may provide 
important information about their role in the inorganic nitrogen cycle. Additionally, 
analyses about the potential mechanisms of resistance, or even degradation or 
bioaccumulation of these compounds might enable planctomycetes to be used in 
bioremediation of places contaminated with this kind of pollutants.   
The presence of particular lipids in planctomycetes associated to the sensitivity 
to Previcur N®, may lead to new insights about the properties of these lipids and their 
biotechnological potential.  
Our transmission electron microscopy results revealed some particularities in 
morphology modification. The ultrastructural study of the pollutants effect in 
planctomycetes should be further extended. 
Despite the gaps in the knowledge about the real importance of planctomycetes 
on the environment and their place in the evolutionary scale, it is certain that these 
microorganisms have a crucial role in Earth’s ecology and might have a high 
biotechnological potential due to their particular features. 
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Annex 1. Representation of water management around the world. The graphic below was published in a Nature report (Gilbert 2012), as 
a synthesis of the fourth World Water Development Report by the UN Educational, Scientific and Cultural Organization (UNESCO), 
launched at the World Water Forum in Marseilles, France, March. The analysis reported that “more than 80% of the world’s waste water is 
not collected or treated, causing millions of deaths from waterborne diarrhoeal diseases every year in the developing world. Urban 
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Annex 2. Examples of organisms from different phyla reported as biomonitors or source of different biosensors in 2011 and 2012. 




Salinelle (volcanoes); surface 
outflow of a hydrothermal system 
located below Mount Etna 
metals (Al, As, Cd, Cr, Cu, Hg, Mn, Ni, 
Pb, V, and Zn) and hydrocarbons 
Bryum argenteum Moss 
Bonanno et al. 
2012 
Coast of the Persian Gulf and  
areas close to sources of 
anthropogenic pollution (Ganaveh 
and Nuclear power facilities) 
nickel, cadmium, copper and lead 
Seaweed: green - Ulva interstinalis, brown - Padina 
pavonica, Cystoseira myrica, Sargassum 
angustifolium, and red - Acanthophora spicifera, 
Gracilaria corticata, Hypnea cervicornis 
Macroalgae 
Alahverdi et al. 
2012 
Treated tannery effluent from 
Jajmau, Kanpur (India) 
chromium Vallisneria spiralis and Hydrilla verticillata Aquatic plants Gupta et al. 2012 
Methanolic extracts from two 
strains of Microcystis aeruginosa 
microcystin, aeruginosin, Allium cepa 
Plant 
Laughinghouse 
et al. 2012 
Carboniferous underground 
mining region of Criciúma (Santa 
Catarina state, South Brazil); acid 
mine drainage (AMD) 
aluminum, iron, manganese, zinc, 
copper, lead and sulfate 
Allium cepa / 
Biomarkers of lipid peroxidation (LPO) and 
antioxidant defenses: TBARS, protein carbonyls, 
catalase activity (CAT) and glutathione levels (GSH) 
Geremias et al. 
2012 
Chimaliapan wetland (Lerma 
basin, Mexico) 
aluminium (Al) and chromium (Cr) 92 species of rotifers, cladocerans and copepods Zooplankton 
García-García et 
al. 2012 
Drinking water and soil metallic tungsten Brassica oleracae and Otala lactea 
Plant and mollusk 
(bivalve) 
Kennedy et al. 
2012 
Intertidal zones on the Lower 
Normandy coast (France) 
copper, zinc and the hydrocarbon:  
fluoranthene 
Hymeniacidon perlevis Porifera 
Mahaut et al. 
2012 
Estuarine; industrial and 
agricultural sources; Bages-
Sigean lagoon (Western Europe) 
 heavy metals (Cu and Cd) 
Ammonia spp. , Quinqueloculina bicostata and 
Quinqueloculina seminula  
Foraminifera Foster et al. 2012 
Bizerte bay, northeast coast of 
Tunisia 
Petroleum pollution Odontophora villoti  Nematode 
Boufahja et al. 
2012 
Porsuk Creek in Eskisehir 
(Turkey)  
metals (Fe, Al, Zn, Mn, Pb, Cu, Ni, B,  
Cd, Cr and Hg) 
Limnodrilus hoffmeisteri and Limnodrilus 
udekemianus /  
antioxidant defenses: GSH and glutathione S-
transferase (GST) activity 
Oligochaeta 
Oztetik et al. 
2012 
Lake Trasimeno,  littoral zone 
(Italy) 
heavy metals and other toxicants Chironomus plumosus Insect 
Di Veroli et al. 
2012 
Seawater and sediments of 
Bizerta Lagoon (northeast of 
Tunisia) 
metals (Al, Co, Cu, Fe, Cd, Pb, Mn, Zn, 
Ni and Cr) and hydrocarbons  
Carcinus maenas (gills and digestive gland) / 
antioxidant defenses (CAT, GST, TBARS, AChE), 
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Annex 2 (continued)     
Not applicable 
the insecticide methoxyfenozide, the 
fungicide propiconazole and 
pharmaceutical products: 
benzophenone, carbamazepine, 
cyproterone, and R-propranolol 




Jubeaux et al. 
2012 
South coast of Portugal 
metals (Cd, Cu, Ni, Pb and Zn) and a 
wide range of polycyclic aromatic 
hydrocarbons (PAHs) 
 
Mytilus galloprovincialis / 
metallothioneins, oxidase system (MFO) and the 
enzyme d-aminolevulinic acid dehydratase (ALAD), 
biomarker for oxidative stress: GST, 
acetylcholinesterase (AChE), superoxide dismutase 
(SOD), CAT, glutathione peroxidase (GPx) and LPO 
Mollusk bivalve 
Serafim et al. 
2011 
Vesle river basin (Champagne-
Ardenne, France) 
PAHs, heavy metals (Cu, Pb, Zn and 
Ni), pesticides, chlorides, phosphates, 
nitrates, ammonium and sulfates 
Dreissena polymorpha / 
biomarkers: AChE, GST, MTs, amylase, 
endocellulase 
Palais et al. 2012 
Not applicable 
tributyltin, other tin (Sn) compounds, 
steroids and other contaminants such 
as Aroclor 1260 
Female gastropods  Mollusk gastropod 
Titley-O'Neal et 
al. 2011 
Taihu Lake (shallow freshwater 
lake in eastern China) 
copper (Cu), cadmium (Cd), 
lead (Pb), arsenic (As), chromium (Cr), 
zinc (Zn) and pharmaceuticals: 
sulfamethoxazole, caffeine, norﬂoxacin 
and oﬂoxacin 
Carassius auratus /  
antioxidant enzymes (Brain AChE  and liver EROD, 
GST, GPx and SOD) 
Fish 
 
Lu et al. 2012 
Taihu Lake 
hormones; estrone, 17β-estradiol (E2), 
estriol, 17α-ethinylestradiol (EE2), 
bisphenol-A and diethylstilbestrol  
Male Carassius auratus / 
enzymatic biomarkers 
Yan et al. 2012 
South America industrial and 
sewage effluents (Itata River) 
hydrocarbons, metals (Al, Zn and Fe), 
nitrogen, silica, sulphur and ammonia 
Trichomycterus areolatus and Percilia gillissi / 
enzymes (EROD and brain AChE) 
Chiang et al. 
2012 
Luvuvhu River 
DDT  and related metabolites: p,p'-and 
o,p'-forms of DDT, DDE and DDD 
Clarias gariepinus Brink et al. 2012 
Nebraska, USA watersheds: the 
Niobrara and Dismal Rivers (low-
impact agricultural sites) and the 
Platte and Elkhorn Rivers (high-
impact agricultural sites) 
ammonia, phosphorus, chloride, nitrate 
and pesticides: acetochlor, alachlor, 
atrazine, simazine, metolachlor,  
hepatic gene expression of Pimephales promelas 
Sellin Jeffries et 
al. 2012 
Aqueous solutions 
stannum dioxide (SnO₂), cerium dioxide 
(CeO₂) and iron oxide (Fe₃O₄) 
nanoparticles 
Paracentrotus lividus / 
cholinesterase, HSC70 and GRP78 
Echinoderm Falugi et al. 2012 
Southwest Atlantic mercury (Hg) Feathers of Spheniscus magellanicus 
Mammal 
Frias et al. 2012 
Black Sea, North sea PCB compounds Phocoena phocoena Weijs et al. 2011 
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[  ]* 
R. 
baltica 








59 µM  4 4 4 4 4 4 4 4 4 
293 µM  4 4 4 4 4 4 4 4 4 
587 µM  4 4 4 4 4 4 4 4 4 
1466 µM 4 3 4 4 4 4 4 4 4 
2933 µM 4 2 3 1 4 4 4 3 0 
4399 µM 4 1 2 1 3 3 4 1 0 




59 µM  4 4 3 4 3 4 4 4 0.5 
293 µM  4 3 0.5 3 0 3 4 4 0 
587 µM  3 2 0 1 0 1 4 4 0 
1466 µM 3 1 0 0.5 0 0 4 4 0 
2933 µM 2 0.5 0 0 0 0 4 4 0 
4399 µM 1 0 0 0 0 0 4 4 0 




59 µM  4 4 4 4 4 4 4 3 3 
293 µM  4 3 4 3 4 4 4 2 0 
587 µM  4 2 3 2 3 4 4 2 0 
1466 µM 2 1 0 1 0 1 4 1 0 
2933 µM 1 0.5 0 0.5 0 0 4 0.5 0 
4399 µM 1 0 0 0 0 0 4 0 0 




59 µM  0.5 3 0 3 1 0.5 4 2 1 
293 µM  0 0 0 1 0 0 4 0 0 
587 µM  0 0 0 1 0 0 4 0 0 
1466 µM 0 0 0 0.5 0 0 4 0 0 
2933 µM 0 0 0 0.5 0 0 4 0 0 
4399 µM 0 0 0 0 0 0 4 0 0 




59 µM  4 4 4 4 4 4 4 4 4 
293 µM  4 4 4 4 4 4 4 4 3 
587 µM  4 4 4 4 4 4 4 4 3 
1466 µM 4 3 4 4 4 4 4 4 0 
2933 µM 4 2 4 4 4 4 4 4 0 
4399 µM 4 2 4 4 4 4 4 4 0 




59 µM  4 4 4 4 4 4 4 4 0 
293 µM  4 3 4 4 2 4 4 4 0 
587 µM  4 3 1 4 1 4 4 4 0 
1466 µM 3 3 0 2 0.5 4 4 4 0 
2933 µM 3 2 0 1 0.5 3 4 3 0 
4399 µM 2 2 0 1 0 2 4 2 0 




0.35 M 4 4 4 4 4 4 4 3 4 
1.77 M 4 4 4 4 4 4 4 2 3 
3.53 M 4 4 4 4 4 4 4 0.5 2 
60 
0.35 M 4 4 4 4 4 4 4 4 4 
1.77 M 4 4 4 4 4 4 4 0 4 




0.14 M 4 4 4 4 4 4 4 4 4 
0.73 M 4 4 4 4 4 4 4 3 3 
1.45 M 4 4 4 4 4 4 4 1 2 
60 
0.14 M 4 4 4 4 4 4 4 4 4 
0.73 M 4 4 4 4 4 4 4 1 3 




0.02 M 4 4 4 4 4 4 4 4 4 
0.19 M 4 4 4 4 4 4 4 1 2 
1.87 M 4 2 4 4 2 4 4 1 0 
60 
0.02 M 4 4 4 4 4 4 4 4 4 
0.19 M 4 4 4 4 3 4 4 3 0.5 
1.87 M 3 3 3 4 1 4 4 1 0 
Phosphates 
30 
0.08 M 2 4 2 4 4 2 4 2 0 
0.42 M 0 1 1 0.5 1 1 4 0.5 0 
0.83 M 0 0.5 1 0.5 0.5 0.5 4 0 0 
60 
0.08 M 0 2 2 1 3 2 4 3 0 
0.42 M 0 0 0.5 0.5 0.5 1 4 0.5 0 
0.83 M 0 0 0.5 0 0 0.5 4 0 0 
Hand cleanser 30 
1 % 4 3 4 4 4 4 4 4 2 
5 % 3 3 3 4 2 4 4 4 0 
10 % 2 2 1 4 2 4 4 4 0 
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Annex 3 (continued) 
Hand cleanser 60 
1 % 4 3 3 4 3 4 4 4 0 
5 % 3 2 0,5 4 2 0,5 4 3 0 
10 % 2 1 0 4 1 0 4 2 0 
Dish detergent 
30 
1 % 4 3 4 4 4 4 4 4 1 
5 % 3 3 4 4 4 4 4 3 1 
10 % 2 2 4 4 4 4 4 3 0.5 
60 
1 % 4 4 4 4 4 4 4 3 0.5 
5 % 2 3 4 4 4 4 4 2 0.5 




1 % 4 3 4 4 4 2 4 4 0.5 
5 % 3 2 4 4 2 0,5 4 4 0.5 
10 % 3 2 3 1 0,5 0 4 4 0 
60 
1 % 4 3 4 4 4 1 4 4 0 
5 % 3 2 4 2 2 0 4 4 0 




0.1 % 4 4 4 4 4 4 4 4 4 
0.5 % 1 2 2 2 1 1 4 4 0 
1 % 0 0 0 0 0 0 4 1 0 
60 
0.1 % 4 3 4 4 4 4 4 4 4 
0.5 % 2 0.5 0 2 2 3 4 4 0 




1 % 4 4 4 4 4 4 4 4 4 
5 % 4 3 3 4 4 3 4 4 4 
10 % 0 0.5 1 4 3 1 4 4 4 
60 
1 % 4 4 4 4 4 4 4 4 4 
5 % 3 0.5 2 4 4 2 4 4 4 
10 % 0 0 1 3 0.5 0 4 4 4 
Phenol 
30 
0.01 M 4 4 4 4 4 4 4 4 0.5 
0.11 M 0 0 0 0 0 0 0 0 0 
1.06 M 0 0 0 0 0 0 0 0 0 
60 
0.01 M 4 4 4 4 4 4 4 4 0 
0.11 M 0 0 0 0 0 0 0 0 0 
1.06 M 0 0 0 0 0 0 0 0 0 
Hydrazine 
30 
0.15 mM 4 2 2 4 4 4 4 1 0 
1.54 mM 0 0 0.5 0 0 0 4 0 0 
15.4 mM 0 0 0 0 0 0 4 0 0 
60 
0.15 mM 0.5 1 0.5 0.5 0 0 4 0 0 
1.54 mM 0 0 0 0 0 0 4 0 0 
15.4 mM 0 0 0 0 0 0 4 0 0 
Sodium Azide 
30 
0.15 M 4 4 4 4 4 4 4 4 3 
0.77 M 4 4 4 4 4 4 3 0 2 
1.54 M 4 4 4 4 4 4 2 0 1 
60 
0.15 M 4 4 4 4 4 4 4 4 3 
0.77 M 4 4 4 4 4 4 2 0 2 




4 4 4 4 4 2 4 3 0 




4 4 4 4 4 4 4 4 4 




4 4 4 4 4 4 4 4 4 
4 4 4 4 4 4 4 4 0 
 
* Concentrations tested. 












Annex 4. List of cytochrome c-like proteins with a role or potential role in cell 




Protein Length (aa) Bacteria Genomes 
FIG00000640 
Cytochrome c oxidase polypeptide III 
(EC 1.9.3.1) 





Cytochrome c oxidase subunit CcoO 
(EC 1.9.3.1) 
202 ± 36.5 17 
FIG00001139 
Cytochrome c oxidase subunit CcoP 
(EC 1.9.3.1) 
326 ± 71.3 17 
FIG00002166 
Cytochrome c oxidase subunit CcoQ 
(EC 1.9.3.1) 
65 ± 2.6 17 
FIG00041887 
Cytochrome c oxidase polypeptide II 
(EC 1.9.3.1) 
363 ± 66.6 17 
FIG00078450 Cytochrome c2 132 1 
FIG00103126 
Cytochrome c oxidase subunit CcoN 
(EC 1.9.3.1) 
480 ± 139.9 17 
FIG00132629 
Cytochrome c oxidase polypeptide I 
(EC 1.9.3.1) 
529 ± 100.7 17 
FIG00134827 Cytochrome c4 200 ± 1.7 17 
FIG00136407 FIG135464: Cytochrome c4 216 ± 1.7 17 
FIG00149502 
FIG002261: Cytochrome c family 
protein 
304 ± 77.6 17 
FIG00953232 cytochrome c-type protein 96 2 
FIG01278337 Cytochrome c family protein 266 ± 169.9 17 
FIG01308127 Cytochrome c5 140 ± 40.4 17 
FIG01345229 cytochrome c, putative 500 ± 130.3 16 
FIG00001108 















Cytochrome c oxidase subunit CcoN 
(EC 1.9.3.1) 
475 
FIG00134827 Cytochrome c4 205 ± 8.7 













































Annex 5. List of cytochrome c and cytochrome bd proteins (or putative) with a role or 





Protein Length (aa) 
Genomes 
(out of 23) 
FIG00000390 Cytochrome d ubiquinol oxidase subunit II (EC 1.10.3.) 339 ± 67.5 14 
FIG00080642 putative Cytochrome bd2, subunit I 449 ± 2.8 2 
FIG00096593 Cytochrome d ubiquinol oxidase subunit I (EC 1.10.3.-) 429 ± 20.9 14 
FIG01634385 putative cytochrome d ubiquinol oxidase subunit II 345 1 
FIG00032582 putative Cytochrome bd2, subunit II 351 1 
FIG00147534 probable cytochrome oxidase (cbb3-type) 1556 ± 303.9 14 
FIG01898829 Probable cytochrome oxidase (Cbb3-type) (EC 1.9.3.1) 896 ± 10.6 2 
FIG00000640 Cytochrome c oxidase polypeptide III (EC 1.9.3.1) 297 ± 97.2 19 
FIG00001108 Cytochrome c oxidase subunit CcoO (EC 1.9.3.1) 272 ± 28.9 4 
FIG00001139 Cytochrome c oxidase subunit CcoP (EC 1.9.3.1) 205 ± 11.4 10 
FIG00029484 
Cytochrome c oxidase polypeptide I (EC 1.9.3.1) / 
Cytochrome c oxidase polypeptide III (EC 1.9.3.1) 
833 ± 7.5 10 
FIG00041887 Cytochrome c oxidase polypeptide II (EC 1.9.3.1) 333 ± 46.8 19 
FIG00073282 Cytochrome c oxidase polypeptide IV (EC 1.9.3.1) 123 ± 33.4 3 
FIG00103126 Cytochrome c oxidase subunit CcoN (EC 1.9.3.1) 484 ± 22.1 5 
FIG00132629 Cytochrome c oxidase polypeptide I (EC 1.9.3.1) 566 ± 39.9 18 
FIG00132938 
Cytochrome c oxidase subunit CcoN (EC 1.9.3.1) / 
Cytochrome c oxidase subunit CcoO (EC 1.9.3.1) 
832 ± 164.4 12 
FIG00149218 FixO3 cytochrome-c oxidase subunit 474 ± 34.0 9 
FIG00340871 
Ubiquinol-cytochrome C reductase complex core protein 
I, mitochondrial precursor (EC 1.10.2.2) 
419 ± 8.0 9 
FIG00538303 cytochrome c, class I 247 ± 78.6 7 
FIG00929168 probable cytochrome c oxidase, subunit III 187 ± 8.9 12 
FIG01278337 Cytochrome c family protein 458 ± 66.4 12 
FIG01331832 cytochrome c family protein 657 1 
FIG01585259 Cytochrome c precursor 429 1 
FIG01934443 Probable cytochrome c 1141 ± 337.8 16 
FIG01949722 probable c-type cytochrome precursor 698 ± 146.6 8 
